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CHAPTERl.GENERALINTRODUCTION 
Unintended human health and environmental consequences have prompted growing 
concerns over the dominant approach to agricultural weed management, which is based 
almost solely on herbicide technologies. In 2001, approximately 246, 000 Mg of herbicide 
active ingredients were applied to U.S farmland at a cost of over five billion dollars (Kiely et 
al. 2004). Much of this herbicide load was transported from the site of application, eventually 
finding its way to ground and surface waters (Hallberg 1989, Koplin et al. 1998, Battaglin 
2000, David et al. 2003, Battaglin et al. 2005). For example, atrazine, an herbicide applied to 
74% of the U.S. com crop in 2001 (NASS 2005), was also detected in over 30% of ground 
water samples collected across the country that year (Barbash et al. 2001). An endocrine 
disruptor, atrazine represents a potential risk to human health (Stevens et al. 1996, Cooper et 
al. 2000), and is believed to represent a factor contributing to the current decimation of 
amphibian populations in the U.S. and elsewhere (Hayes et al. 2002, 2003). 
Other than impacts on human health and the environment, over-reliance on herbicides 
poses threats to the ongoing success of agriculture itself. As of this writing, herbicide 
resistance has been documented in 179 weeds species, globally (Heap 2005). The recent 
development of resistance to the widely utilized herbicide, glyphosate, in no fewer than 
seven different weed species (Heap 2005) is particularly notable, as glyphosate currently 
represents the primary, if not sole form of weed control applied to over 70% of the U.S. 
cotton crop and 80% of the U.S. soybean crop (NASS 2005). Over reliance on the same 
herbicide welcomes resistance, leaving agriculturalists with fewer options for managing 
future weed infestations. 
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A growing number of scientists and agriculturalists have argued for the need to move 
beyond the dominant biocide-based approach to pest management, to an approach focused on 
the development of pest suppressive agroecosystems that can reduce or eliminate biocide 
requirements (Bender 1994, Benbrook 1996, NRC 1996, Lewis et al. 1997, Deryx 2001). In 
the area of weeds, the development of such a systemic approach to pest control has 
culminated in the paradigm of integrated weed management (IWM). Davis and Ngouajio 
(2005) noted that all IWM strategies are characterized by two essential features: ( 1) the 
combination of multiple control practices, whose cumulative impacts act to suppress weed 
populations below economically damaging levels and (2) integration of knowledge of weed 
biology into the management system. Liebman and Staver (2001) suggested that IWM could 
be facilitated through the use of crop rotations, which can challenge weed populations 
through a temporally variable series of environments, each characterized by distinct stresses 
and mortality factors acting on different portions of weed lifecycles. 
Long before the advent of herbicides, crop rotation was commonly held to represent a 
crucial component of successful weed management (Leighty 1938). However, while a great 
deal of evidence has been collected regarding weed seed or seedling densities resulting from 
a range of crop rotation systems, weed scientists still have a limited understanding of the 
means by which particular crop rotation systems act to suppress weed populations (Liebman 
and Dyck 1993). The development of IWM systems that include crop rotations will benefit 
from greater knowledge of the impacts that crops and their associated management practices 
have on aspects of weed population biology (Cousens and Mortimer, 1995, Bastiaans et al. 
2000, Mortensen et al. 2000, Buhler 2002). Studies of weed population processes are of 
particular value in that they (1) provide information regarding which weed lifecycle stages 
are most susceptible to particular management practices and (2) allow for the projection of 
future weed populations in response to integrated suites of crop and weed management 
practices. 
The goal of my thesis research was to characterize the demographic responses of two 
important annual weed species with disparate lifehistory characteristics, to three contrasting 
crop rotation systems differing in crop diversity and level of herbicide inputs. My central 
objective was to draw upon differences in weed population processes among crops and 
rotations to explore the role of crop and management diversification in the suppression of 
weed populations with reduced herbicide use. 
Thesis organization 
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My analysis of the influence of cropping systems on weed population processes is 
presented in two chapters. The first chapter describes the results of a two-year field study 
designed to evaluate weed seedling recruitment, seedling survival, and fecundity in different 
crops and rotations. The second chapter attends to experiments that were conducted over two 
years to measure rates of weed seed mortality due to predators in the same crops and rotation 
systems studied in the first experiment. A synopsis of the two chapters, including title, 
objectives and general methodology is provided below. 
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Demography of Abutilon theophrasti and Setaria faberi in three cropping systems. 
The first study focused on the determination of annual rates of seedling recruitment, 
seedling survival, and fecundity of Abutilon theophrasti Medik. and Setariafaberi Herrm. in 
crops in 2-yr (corn/soybean), 3-yr (corn/soybean/triticale+red clover) and 4-yr 
(corn/soybean/triticale+alfalfa/alfalfa) rotation systems. Demographic rates were measured in 
2003 and 2004 in a large-scale replicated field experiment located in Boone, Iowa. Statistical 
analyses and a simple model of rates of weed population change were applied to answer two 
primary questions: 1) Why do weed populations increase in particular crops and rotation 
systems, but not in others?, and 2) To what extent are two diversified crop rotation systems 
managed with low rates of herbicides able achieve to weed management outcomes similar to 
those achieved by a simpler 2-yr rotation system managed with conventional herbicide 
inputs. 
Seasonal patterns in post-dispersal seed predation of Abutilon theophrasti and Setaria 
f aberi in three cropping systems. 
The second study assessed losses of weed seeds due to predators throughout the cropping 
season in crops in the three experimental rotation systems in Boone, Iowa. The primary 
objective of this study was to evaluate the potential for differences in rates of seed removal 
among different crops that may arise from differences in habitat quality for seed predators. 
Rates of seed removal from 'seed cards' were measured during 12 two-day trials conducted 
between May and November 2003 and 15 two-day trials conducted between April and 
November 2004. 'Seed cards' placed within predator exclosures were used to control for 
losses of seeds due to causes other than predation. 
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CHAPTER 2. DEMOGRAPHY OF ABUT/LON THEOPRASTI AND SETARIA 
FABER/ IN THREE CROPPING SYSTEMS 
A paper submitted to Weed Research 
Andrew H. Heggenstaller1• 2 and Matt Liebman1 
Summary 
Field experiments were conducted to characterize the demography of Abutilon 
theophrasti and Setariafaberi in a conventionally managed 2-yr (corn/soybean) rotation, and 
in 3-yr (corn/soybean/triticale+red clover) and 4-yr (corn/soybean/triticale+alfalfa/alfalfa) 
rotations, managed with 72% and 79% lower herbicide inputs, respectively. Rates of weed 
seedling recruitment, seedling survival, and adult plant fecundity were determined for 
populations established in each phase of each rotation and were used to calculate annual rates 
of weed population change. Over the two-year study period, A. theophrasti populations 
declined or remained stable in all three rotation systems. Despite greater rates of seedling 
survival and fecundity in corn and soybean in the 3-yr and 4-yr rotations, A. theophrasti 
population increase was prevented in these systems due to low fecundity in triticale and low 
seedling survival and fecundity in alfalfa. Setariafaberi populations remained stable in the 2-
yr rotation, increased in the 3-yr rotation in both years, and increased in the 4-yr rotation in 
2003. The results of this study indicate that when herbicide use is reduced, rotations that 
include triticale and alfalfa can facilitate the suppression of A. theophrasti. Rotations that 
1 Graduate student and Professor, respectively, Department of Agronomy, Iowa State University. 
2 Primary researcher and author. 
include alfalfa can contribute to restraining S. faberi population growth, given adequate 
levels of seedling mortality in this crop. 
Key words: crop rotation, weed demography, weed population dynamics, com, soybean, 
triticale, red clover, alfalfa. 
Introduction 
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Crop rotation is considered to be a fundamental component of integrated weed 
management strategies that minimize dependence on herbicides. Over the course of a diverse 
rotation employing crops with different planting and harvest dates, different growth habits 
and residue characteristics, and different tillage, cultivation and herbicide practices, many 
weed species can be challenged with a wide range of stresses and mortality factors, and 
denied consistent opportunities for growth and reproduction (Froud-Williams 1988, Liebman 
and Dyck 1993, Liebman and Staver 2001). Numerous studies provide evidence that 
particular weed species are more constrained in some crops and crop sequences than in others 
(Lotz 1991, Schreiber 1992, Blackshaw 1994, Clay and Aguilar 1998, Doucet et al. 1999, 
Ominski et al. 1999, Benoit 2003, White et al. 2004). However, despite the general trend for 
lower weed densities in more diverse cropping systems (Liebman and Dyck 1993), crop 
diversity is not always associated with superior weed suppression, particularly when 
herbicide use is reduced or eliminated (Doucet et al. 1999, Buhler et al. 2001, Menalled et al. 
2001). If crop rotation is to be used as an effective tool for managing weed populations, those 
factors that result in unsatisfactory weed management outcomes need to be identified and 
addressed. 
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The development of weed suppressive cropping systems, including crop rotations, that 
are able to minimize herbicide inputs will require greater attention to the impacts of crops 
and management systems on aspects of weed demography (Bastiaans et al. 2000, Mortensen 
et al. 2000, Buhler 2002). Published studies that have investigated the influence of crops and 
management practices on weed demographics generally fall into one of two groups: those 
that assess the effects of a range of crops or management practices on a single element of the 
weed life cycle, including plant survival and fecundity (Kegode et al. 1999a, Kegode et al. 
1999b, Perron and Legegre 2000, Lutman 2002, Grundy et al. 2004 ), and those that assess 
the response of multiple elements of the weed life cycle to one or two crops or management 
regimes (Fernandez-Quintanilla et al. 1986, Lindquist et al. 1995, Scursoni et al. 1999, 
Fernandez-Quintanilla et al. 2000, Bussan et al. 2000, Bussan et al. 2001). To date, few 
studies have sought to assess the full range of impacts that diversified cropping systems can 
exert on multiple weed demographic processes (Davis and Liebman 2003). Furthermore, to 
our knowledge, no studies have yet assessed the demographic responses of multiple weed 
species to a range of crop rotation and management systems. 
In the present study, three major objectives were addressed. First, we sought to determine 
how crops in 2-yr (corn/soybean), 3-yr (corn/soybean/triticale+red clover) and 4-yr 
(corn/soybean/triticale+alfalfa/alfalfa) rotation systems influenced annual rates of seedling 
recruitment, seedling survival , and fecundity of Abutilon theophrasti Medik. (velvetleaf) and 
Setariafaberi Herrm. (giant foxtail), two annual weed species that are ubiquitous throughout 
the US Com-Belt but have disparate growth habits and reproductive characteristics. Our 
second objective was draw upon weed demographic responses to provide an explanation as 
to why weed populations increased in particular crops and rotation systems but not in others. 
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Finally, through comparisons between species and among rotation systems, we sought to 
determine the extent to which the 3-yr and 4-yr crop rotation systems, composed of disparate 
crops and managed with low rates of herbicides, could achieve weed management outcomes 
similar to those achieved by a simpler 2-yr rotation system managed with conventional 
herbicide inputs . Because the lifecycles and growth characteristics of the two summer annual 
weeds included in the study are very similar to corn and soybean and quite different from 
triticale and alfalfa, we hypothesized that weed populations would be restrained to a greater 
extent in triticale and alfalfa relative to corn and soybean in the 3-yr and 4-yr rotations where 
herbicide usage was reduced. Four specific hypotheses were tested: 
1) Compared to the 2-yr rotation, weed seedling survival and fecundity should be greater in 
corn and soybean in the more diverse 3-yr and 4-yr rotations in which herbicide use is 
reduced. 
2) Within the 3-yr and 4-yr rotations, weed seedling survival and fecundity should be 
reduced in the triticale and alfalfa relative to corn and soybean. 
3) Weed population increases in com and soybean in the 3-yr and 4-yr rotations should be 
offset by population declines in triticale and alfalfa. 
4) Including small grain and forage crops in rotation with corn and soybean represents a 
viable strategy for managing Abutilon theophrasti and Setaria faberi populations with 
reduced herbicide requirements . 
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Materials and methods 
Rotation systems and crop management 
Studies of cropping system effects on weed demography were carried out in 2003 and 
2004 in an ongoing field experiment established in 2001 at the Iowa State University 
Agronomy Farm, located in Boone County, Iowa, USA (42°0'N; 93°6'W). The experiment 
was arranged in a randomized complete block design with each crop phase of each rotation 
present every year, in four replicate blocks. Plot size was 18 m x 85 m. Soils at the site are 
Clarion loam (fine-loamy, mixed, superactive, mesic, Typic Hapludolls), Nicollet loam (fine-
loamy, mixed, superactive, mesic, Aguie Hapludolls), and Webster silty clay loam (fine-
loamy, mixed, superactive, mesic, Typic Endoaquolls). Late summer conditions in the two 
study years were quite different and deviated considerably from historical trends (Table 1). 
Compared to 50-yr mean values, August 2003 was substantially warmer and drier than 
average, whereas August 2004 was notably cooler and wetter than average. 
Three crop rotations suitable for the Midwestern U.S. were included in the study. The 2-
yr (corn/soybean) rotation is typical of cash grain farming systems in the region and was 
managed with conventional fertilizer and herbicide inputs. The 3-yr 
(corn/soybean/triticale+red clover green manure) and 4-yr rotations 
(corn/soybean/triticale+alfalfa/alfalfa hay) are representative of integrated crop-livestock 
farming systems, with the 4-yr rotation being appropriate for farms that incorporate ruminant 
livestock. Compared to the 2-yr rotation, weed management in the 3-yr and 4-yr rotations 
was achieved through the integration of mechanical and cultural control practices (Table 2) 
and less reliance on herbicides (Table 3). Over the study period, herbicide inputs were 72% 
and 79% lower in the 3-yr and 4-yr rotations, respectively, compared with the 2-yr rotation. 
Weed species 
Two economically important summer annual species with contrasting life history 
characteristics were selected for this study. Abutilon theophrasti and Setariafaberi are both 
economically important weeds in Midwestern US agriculture (Bridges and Bauman 1992), 
but differ with respect to seed size, seed longevity and fecundity. Abutilon theophrasti has 
relatively large (1037mg1100 seeds), persistent seeds that typically remain viable in arable 
soils for at least four years (Lueschen and Anderson 1980, Buhler and Hartzler 2001 ), but 
potentially for as long as 17 years (Lueschen et al. 1993). Conversely, S. faberi has much 
smaller seeds (170 mg/100 seeds) that are considerably less persistent, remaining viable in 
arable soils for only one or two years (Buhler and Hartzler 2001). 
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Abutilon theophrasti and Setaria faberi also differ in terms of fecundity. Setaria faberi is 
characterized by greater fecundity than A. theophrasti and generally produces a greater 
number of seeds under unfavorable conditions or in highly competitive habitats. For A. 
theophrasti, Bussan et al. (2001) reported fecundity rates ranging between 33 and 408 seeds 
per plant in corn, and between 17 and 1, 168 seeds per plant in soybean. In contrast, for S. 
faberi, Bussan et al. (2000) reported fecundity rates ranging between 150 and 3,300 seeds per 
plant in corn, and between 2,200 and 22,000 seeds per plant in soybean. 
Weed demographic parameters 
In November 2002, a pulse of locally generated A. theophrasti and S. faberi seeds was 
added at a rate of 500 and 2000 seeds m-2, respectively, to 7 m x 7 m sub-plot areas in each 
main plot. Prior vegetation surveys and soil sampling established that both A. theophrasti and 
S. faberi were present at very low densities before seed additions (A. theophrasti: 4 ± 2 seeds 
13 
m-2, S. faberi: 21 ± 7 seeds m-2) . Germinability and tetrazolium analysis conducted prior to 
seed addition indicated that 94 ± 9% of A. theophrasti and 94 ± 6% of S. faberi seeds added 
to subplots were viable (Mean ± SE). To insure that added weed seeds did not move from the 
subplots as a result of field operations, colored beads, of similar size to S. faberi seeds, were 
placed in a line perpendicular to the direction of machinery traffic in each plot in November 
2002. Soils samples collected in July 2003 at different distances from the original bead-line 
indicated that 99% of all recovered beads had moved Jess than 2 meters, while 90% of beads 
moved less than 1 meter. 
Weed seed densities were determined in each sub-plot in early April of 2003 and 2004 by 
collecting forty 19-mm diameter soil cores to a depth of 20 cm. Weed seeds were separated 
from soil using an elutriator (Wiles et al. 1996) and air column separator. Recovered seeds 
were subjected to germinability and tetrazolium analysis to determine viable seed density in 
each sub-plot. Repeated seedling censuses were conducted weekly in the central 2 m x 2 m 
area of each sub-plot between April and August of 2003 and 2004. Individual weed seedlings 
were marked with colored toothpicks, and their fates followed throughout the season. For 
each sub-plot, the proportion of seeds present in the spring seedbank recruited as seedlings in 
each year (r) was calculated as the quotient of the sum of all seedling censuses and the 
treatment-specific spring seedbank density. Treatment-specific seedbank densities were 
calculated as the mean of each of four replicate plots. Though plot-specific seedbank 
estimates would have been desirable for calculation of seedling recruitment rates, zero values 
for several plots precluded that approach. 
The number of surviving adult plants, plant biomass, and fecundity were measured in the 
central 3 m x 3 m area of each subplot in October of 2003 and 2004. Surviving plants were 
clipped at ground level, processed, and returned to their respective sub-plots at ground level 
to prevent movement of seeds by harvesting machinery. For each sub-plot in each year, the 
proportion of emerged seedlings surviving to become reproductive adults (s) was calculated 
as the quotient of the number of surviving plants and the sum of all seedling density 
censuses. 
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Adult plant fecundity (j) was determined differently for the two weed species. For A. 
theophrasti, plant fecundity was determined by counting the number of mature fruits on each 
surviving plant and the number of carpels in each fruit. Mature carpels were found to contain 
three seeds each. Lindquist et al. (1995) reported a very similar relationship of 2.95 seeds per 
carpel. For the few immature fruits, A. theophrasti seeds were counted directly. Setaria 
faberi seed production was estimated by relating the length of seed bearing panicles to the 
number of seeds on each panicle. Prior to seed shed, breathable mesh bags were placed on 
approximately 10 panicles of varying lengths in each sub-plot. At the time of crop harvest the 
number of seeds in each bag and the length of all panicles in the sample area were 
determined. Crop and year-specific regressions of seed number on panicle length were used 
to estimate the total number of seeds produced by all surviving S. faberi plants in the central 
3 m x 3 m area of each sub-plot. Depending on crop and year, panicle length was found to 
explain between 80% and 90% of the variability in S. faberi seed production, except in 
soybean in 2003 where panicle length explained only 50% of the variation in seed 
production. 
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Integration of demographic parameters 
The primary objective of this study was to draw upon crop and management induced 
impacts on weed demographic processes to estimate changes in weed populations over the 
period of the study and to establish an explanation for weed population behavior in particular 
crops and rotation systems. To address the issue of weed population dynamics, a simple, 
single cohort weed population model was adapted from Cousens and Mortimer (1995). The 
model relates weed seed density at the end of the growing season (NNov) to weed seed density 
at the beginning of the season (N Apr) as a function of rates of seedling recruitment (r ), 
seedling survival (s), plant fecundity (j), seedbank mortality (m) and loss of newly produced 
seeds (l ): 
NNov= NApr-NApr(r + m) + NApr (r x s xf) (1- l) [I] 
Because rates of seedbank mortality (m) and loss of newly produced seeds (l) were not 
determined in the current study, these terms were removed from the model. Dividing through 
by NApr gives the annual rate of weed population change,~ as a function of the measured 
demographic rates: 
~=1-r+(rxsxf) [2] 
Framing weed population behavior in terms of demographic rates allows for changes in 
weed populations to be considered as emergent properties of the effects of crops and 
management inputs on individual elements of the weed life cycle (Davis et al. 2004). As the 
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current study did not quantify weed seed mortality it was omitted from this analysis of weed 
population dynamics. While!!,. does not account for potentially important losses of seeds due 
to physiological aging (Burnside et al. 1996), microbial decay (Kremer 1993), or vertebrate 
and invertebrate seed predators (Brust and House 1988, Marino et al. 1997, Westerman et al. 
2003), it does provide an indication of the cumulative impact of the observed demographic 
processes on weed populations. 
Statistical analysis 
Weed seedling recruitment, plant survival, and fecundity data were expressed as rates 
calculated from measured seed, seedling and plant densities. Weed density data were 
reported as the number of adult plants per square meter. Weed biomass data were expressed 
in terms of average plant dry weight per subplot. Lack of homogeneous error variance 
distributions within years made it necessary to transform all variables (Sokal and Rohlf 
1969). Seedling recruitment and survival rates were sin- 1 (squareroot)-transformed. Adult 
plant density, biomass, and fecundity, as well as the calculated annual rates of population 
change were loge-transformed. All variables were subjected to analysis of variance using the 
GLM procedure of SAS® Version 8 (1999). Preliminary analyses indicated significant year 
by treatment interactions for most variables. Consequently, all analyses were conducted 
separately for each species and year. ANOVA models included terms for rotation system, 
crop and block effects. Means were separated by Tukey' s tests (P < 0.05). A priori 
hypotheses were tested using a series of single degree of freedom contrasts between specific 
crops and management systems. 
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Results 
Seedling recruitment 
Rates of weed seedling recruitment varied considerably, ranging from 0.02 A. theophrasti 
seedlings seed- 1 in alfalfa in 2004, to 0.90 S. faberi seedlings seed- 1 in triticale in the 3-yr 
rotation in 2003 (Table 4). In corn, A. theophrasti seedling recruitment was greater in the 2-
yr rotation (2003: 0.42 seedlings seed-1, 2004: 0.29 seedlings seed- 1) compared with the 3-yr 
and 4-yr rotations (2003: 0.13 seedlings seed- 1, 2004: 0.07 seedlings seed- 1) . In soybean, A. 
theophrasti seedling recruitment did not significantly differ among rotations in 2003, but in 
2004, followed the same trend as for corn, with greater recruitment in the 2-yr rotation (0.38 
seedlings seed-1), relative to the 3-yr and 4-yr rotations (0.05 seedling seed- 1). In triticale, A. 
theophrasti seedling recruitment was similar between the 3-yr and 4-yr rotations (2003: 0.34 
seedlings seed-1, 2004: 0.14 seedlings seed- 1), and was 78% and 145% greater than in corn 
and soybean in the 3-yr and 4-yr rotations in 2003 and 2004, respectively. In alfalfa, A. 
theophrasti seedling recruitment was 48% lower compared with triticale in the 4-yr rotation 
in 2003 and 82% lower relative to all other crops in the 4-yr rotation in 2004. 
For S. faberi, seedling recruitment was similar in corn and soybean across rotation 
systems (2003: 0.22 seedlings seed-1, 2004: 0.07 seedlings seed-1). In triticale, S. faberi 
seedling recruitment was greater in the 3-yr rotation (0.90 seedlings seed- 1) compared with 
the 4-yr rotation (0.52 seedlings seed-1) in 2003 , and similar between the 3-yr and 4-yr 
rotations in 2004 (0.32 seedlings seed- 1). In the 3-yr rotation, S. faberi seedling recruitment in 
triticale was 3.4 and 3.0 times greater than in corn and soybean in 2003 and 2004, 
respectively. In the 4-yr rotation, S. faberi recruitment was similar in triticale and alfalfa and 
52% and 78% greater in those crops relative to corn and soybean in 2003 and 2004, 
respectively. 
Seedling survival 
18 
Rates of seedling survival were generally quite low, with complete seedling mortality 
occurring for both weed species in several crops in each year (Table 5). In corn and soybean, 
in 2003, A. theophrasti seedling survival was greater in the 3-yr and 4-yr rotations (0.032 
plants seedling-1) compared with the 2-yr rotation (0.002 plants seedling-1) . In 2004, A. 
theophrasti seedling survival did not differ among corn and soybean crops across the three 
rotation systems (0.008 plants seedling- 1). In triticale, A. theophrasti seedling survival was 
similar in the 3-yr and 4-yr rotations in 2003 (0.011 plants seedling- 1), but greater in the 4-yr 
rotation (0.150 plants seedling-1) than the 3-yr rotation (0.086 plants seedling- 1) in 2004. 
Generally, A. theophrasti seedling survival in triticale did not differ from corn and soybean in 
the 3-yr and 4-yr rotations . However, for the 4-yr rotation in 2004, A. theophrasti seedling 
survival was 200% greater in triticale compared with corn and soybean. In 2003, A. 
theophrasti seedling survival in alfalfa was 89% lower compared with corn and soybean in 
the 4-yr rotation. In 2004, A. theophrasti seedling survival in alfalfa (0 plants seedling-1) was 
reduced relative to all other crops in the 4-yr rotation (0.013 plants seedling- 1) . 
For S. faberi, seedling survival in corn and soybean was greater in 2003 in the 3-yr and 4-yr 
rotations (0.013 plants seedling-1) than in the 2-yr rotation (0.001 plants seedling- 1) . In 2004, 
S. faberi seedling survival in corn and soybean was similar among the three rotation systems 
(0.013 plants seedling- 1). In triticale, S. faberi seedling survival was similar between the 3-yr 
and 4-yr rotations and 3.2 and 7.3 times greater compared with corn and soybean in the 3-yr 
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and 4-yr rotations, in 2003 and 2004, respectively. In the 4-yr rotation, S. faberi seedling 
survival in alfalfa was 6.5 times greater compared with corn and soybean in 2003. In 2004, S. 
faberi seedling survival was much lower in alfalfa, and did not differ from corn and soybean 
in the 4-yr rotation (0.006 plants seedling-1). 
Plant density 
Differences in weed plant density among crops and rotation systems (Fig. 1, Table 6) 
followed from variation in rates of seedling recruitment (Table 4) and seedling survival 
(Table 5). Correlation analysis of loge-transformed plant densities and sin-1 (squareroot)-
transformed seedling recruitment and survival rates indicated that for A. theophrasti, plant 
density was more strongly correlated with seedling survival (2003: r = 0.88, P < 0.001; 2004: 
r = 0.78, P < 0.001) than with seedling recruitment (2003: r = 0.19, P = 0.27; 2004: r = 0.44, 
P = 0.008). For S. faberi, plant density was found to be strongly correlated with both seedling 
recruitment (2003: r = 0.66, P < 0.001; 2004: r = 0.65, P < 0.001) and seedling survival 
(2003: r = 0.87, P < 0.001; 2004: r = 0.87, P < 0.001). 
In corn, A. theophrasti plant density was similar among the three rotation systems (Fig. 1, 
Table 6). In soybean, A. theophrasti plant density was 18.5 times greater in the 3-yr and 4-yr 
rotations, than in the 2-yr rotation in 2003, but did not differ among rotation systems in 2004. 
In triticale, A. theophrasti plant density was similar in the 3-yr and 4-yr rotations in 2003, 
and 5.0 times greater in the 4-yr rotation in 2004. In the 3-yr rotation, A. theophrasti plant 
density was 77% lower in triticale, compared with corn and soybean in 2003. No statistically 
significant differences in A. theophrasti plant density were observed among crops in the 3-yr 
rotation in 2004. In the 4-yr rotation, A. theophrasti plant density in triticale did not 
significantly differ from corn and soybean in 2003, but was 1.6 times greater in 2004. 
Compared with corn and soybean in the 4-yr rotation, A. theophrasti plant density in alfalfa 
was 95% lower in 2003, but similar in 2004. 
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For S. faberi, plant density in corn and soybean was 20.2 times greater in the 3-yr and 4-
yr rotations than in the 2-yr rotation in 2003, but similar across rotation systems in 2004 (Fig. 
1, Table 6). In triticale, S. faberi plant density was similar among rotations in both study 
years. Compared with corn and soybean in the 3-yr and 4-yr rotations, S. faberi plant density 
was 8.7 and 3.2 times greater in triticale in 2003 and 2004, respectively. Compared with corn 
and soybean in the 4-yr rotation, S. faberi plant density was 15.9 times greater in alfalfa in 
2003 and 42.8 times greater in 2004. 
Plant biomass and fecundity 
Analysis of the relationship between loge plant biomass and loge fecundity indicated that 
these variables were highly correlated for both A. theophrasti (2003: r = 0.86, P < 0.001; 
2004: r = 0.92, P < 0.001) and S.faberi (2003: r = 0.80, P < 0.001; 2004: r = 0.70, P < 
0.001). Consequently, differences in plant biomass among crops and rotation systems (Fig. 2, 
Table 6) largely paralleled differences in fecundity (Table 7). 
In corn, A. theophrasti fecundity was similar among the three rotation systems (2003: 71 
seeds planf 1; 2004: 6 seeds planf1). In 2003, A. theophrasti fecundity in soybean was greater 
in the 3-yr and 4-yr rotations (616 seeds planf1) compared with the 2-yr rotation (0 seeds 
planf1). In 2004, A. theophrasti fecundity in soybean was greatest in the 4-yr rotation (825 
seeds planf1). In triticale, A. theophrasti fecundity did not differ between the 3-yr and 4-yr 
rotations. In the 3-yr rotation, A. theophrasti fecundity was 89% and 100% lower in triticale 
compared with com and soybean in 2003 and 2004, respectively. In the 4-yr rotation, A. 
theophrasti fecundity was similar in triticale and alfalfa, and 98% and 100% lower in these 
crops compared with com and soybean in 2003 and 2004, respectively. 
21 
In 2003, S. faberi fecundity in com and soybean was greater in the 3-yr and 4-yr rotations 
(471 seeds adulf 1) , than in the 2-yr rotation (13 seeds adulf 1). Setariafaberi fecundity was 
particularly high in soybean in the 3-yr and 4-yr rotations in 2003 (10231 seeds planf1) . In 
2004, S. faberi fecundity was similar in com and soybean crops, across the three rotation 
systems (212 seeds planf 1). In triticale, S.faberi fecundity was similar among rotation 
systems in both years (2003: 199 seeds planf 1; 2004: 27 seeds planf 1). In the 3-yr rotation, in 
2003 , S. faberi fecundity was 95% lower in triticale compared with com and soybean. In the 
4-yr rotation , in 2003, S. faberi fecundity was similar in triticale and alfalfa, and 98% lower 
in these crops relative to soybean. Despite a trend for lower fecundity in triticale and alfalfa, 
no significant differences in S. faberi fecundity were observed among crops in the 3-yr and 4-
yr rotations in 2004. 
Annual rates of population change 
Annual rates of population change (~) were calculated from measured demographic 
parameters for both weed species. For statistical purposes, ~ was loge transformed for 
analysis. Thus, values of loge ~ greater than zero indicate weed population increase, whereas 
values less than zero indicate weed population decline. In com, A. theophrasti populations 
declined in the 2-yr rotation in both study years (2003: loge~ = -0.6; 2004: loge~= -0.3) and 
remained relatively stable in the 3-yr and 4-yr rotation systems (Fig 3). Setariafaberi 
populations were generally stable in com in all three rotation systems (Fig. 4), with the only 
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significant change in S. faberi populations occurring in the 3-yr rotation in 2003, where 
population increase occurred (0.6) . In soybean, A. theophrasti populations were in 
equilibrium in the 2-yr rotation, but increased substantially in the 3-yr rotation in 2003 (1.6) , 
and in the 4-yr rotation in 2003 (1.9) and 2004 (0.6). Setariafaberi populations behaved 
similarly in soybean, remaining stable in the 2-yr rotation , but increasing in the 3-yr (2.8) and 
4-yr (2.7) rotations in 2003 . In triticale and alfalfa, A. theophrasti populations did not 
significantly change, although there was a consistent trend for population decrease in both of 
these crops in both years. Setariafaberi populations behaved very differently in triticale, 
increasing in the 3-yr rotation in 2003 (1.5) and 2004 (0.3) and in the 4-yr rotation in 2003 
(1.8). In alfalfa, S. faberi populations increased in 2003 (2.1 ), but decreased in 2004 (-0.3). 
Rates of weed population change (loge~) were averaged across crops within each rotation 
to arrive at estimates of weed population behavior in the three rotation systems (Figure 5). In 
the 2-yr rotation, A. theophrasti, populations were relatively stable in 2003, but declined 
significantly in 2004 (-0.3) . In the 3-yr and 4-yr rotations A. theophrasti populations did not 
significantly change in either year, despite high rates of population increase in soybean in 
these rotations in 2003 . For S. faberi, populations decreased in the 2-yr rotation in 2003 (-
0.3) , but did not change in 2004. Setariafaberi populations increased substantially in the 3-yr 
rotation in 2003 (1.7) and 2004 (0.2), but increased in the 4-yr rotation only in 2003 (1.8). 
Discussion 
Inter-annual variation in most plant growth and demographic variables was greater than 
variation due to crop or rotation system (Tables 4-7). Other field studies of cropping system 
effects on weed demographics have reported similar findings (Ullrich 2000, Davis and 
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Liebman 2003). Nevertheless, despite considerable year-to-year variation in demographic 
parameters, it was possible to identify several general patterns in the response of A. 
theophrasti and S. faberi to crops and management practices associated with the three 
rotation systems. These patterns suggest that the studied cropping systems are likely to exert 
large, but species-specific influences on weed population dynamics. 
While the three rotations were all able to suppress A. theophrasti population growth over 
the course of this study, S. faberi populations increased in the 4-yr rotation in 2003 and 
increased in the 3-yr rotation in both study years (Fig. 5). Differential suppression of weed 
populations among the studied rotation systems arose from two key sets of differences in the 
way that particular crops affected weed population processes. First, weed demography varied 
in com and soybean among the rotation systems, with weed populations generally being less 
constrained in com and soybean in the 3-yr and 4-yr rotations compared with the 2-yr 
rotation. Second, within the 3-yr and 4-yr rotations, triticale and alfalfa affected weed 
demography differently than com and soybean. In the case of A. theophrasti, populations 
were more constrained in triticale and alfalfa compared with com and soybean. For S. faberi, 
populations were equally or less constrained in tiritcale and alfalfa compared with com and 
soybean . 
As hypothesized, weed seedling survival (Table 5) and fecundity (Table 7) both had the 
potential to be greater in com and soybean in the 3-yr and 4-yr rotations than in the 2-yr 
rotation. Other investigators have reported similar increases in weed survival and fecundity 
in com and soybean under mechanical and low herbicide input management scenarios 
(Bussan et al. 2000, Perron and Ugegre 2000, Bussan et al. 2001). 
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In com, differences in weed seedling recruitment, seedling survival, and fecundity among 
the three rotations led to similar outcomes; population growth by both weed species was 
generally restricted in com in all three rotation systems. In the 2-yr rotation, weed 
populations remained stable or declined in com (Figs. 3 and 4) as a result of relatively high 
rates of seedling recruitment (Table 4) , coupled with minimal rates of seedling survival 
(Table 5) and fecundity (Table 7). Although seedling survival rates were greater in com in 
the 3-yr and 4-yr rotations than in the 2-yr rotation, this difference was not great enough to 
lead to weed population growth in the 3-yr and 4-yr rotations (Figs. 3 and 4). Additionally, in 
the case of A. theophrasti, the potential for increases in weed populations in com and 
soybean in the 3-yr and 4-yr rotations was further offset by reductions in seedling recruitment 
relative to the 2-yr rotation (Table 4). 
In soybean, differences in weed seedling survival and fecundity led to disparate outcomes 
among the three rotations. While weed populations remained stable in soybean in the 2-yr 
rotation, the potential for significant population increases was observed in soybean in the 3-
yr and 4-yr rotations (Figs. 3 and 4). In the 2-yr rotation, population growth in soybean was 
prevented as a result of relatively high rates of seedling recruitment (Table 4), coupled with 
minimal plant survival (Table 5) and fecundity (Table 7). Greater rates of seedling survival 
and plant fecundity in the 3-yr and 4-yr rotations led to population growth for A. theophrasti 
in soybean in both rotations in 2003 and in the 4-yr rotation in 2004 (Fig 3). Similarly, S. 
faberi populations increased in soybean in the 3-yr and 4-yr rotations in 2003 (Fig 4). 
A second critical difference in the influence of crops on weed population processes 
occurred within the 3-yr and 4-yr rotations, where triticale and alfalfa were found to affect 
weed demography quite differently than com and soybean. Furthermore, the effect of triticale 
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and alfalfa on weed demography also differed between the two weed species. Abutilon 
theophrasti populations showed a trend for decline in triticale in the 3-yr and 4-yr rotations in 
both study years (Fig. 3) as a result of high rates of seedling recruitment (Table 4) and 
minimal plant fecundity (Table 7). Abutilon theophrasti populations responded similarly in 
alfalfa, with a consistent, though statistically insignificant trend for population decline in 
both years (Fig. 3) . The demographic explanation underlying A. theophrasti population 
behavior in alfalfa differed somewhat from triticale. In alfalfa, A. theophrasti seedling 
recruitment was generally reduced compared to other crops in the 4-yr rotation (Table 4), but 
both seedling survival (Table 5) and plant fecundity (Table 7) were extremely low. This 
differed from triticale where rates of seedling recruitment were relatively high but survival 
rates were quite similar to com and soybean in the 3-yr and 4-yr rotations. In effect, triticale 
and alfalfa, for slightly different reasons , appear to have the potential to counter increases in 
A. theophrasti populations, which may occur in other crops in the 3-yr and 4-yr rotations. 
Teasdale et al. (2004) reported that seed densities of two summer annual broad-leaved weeds, 
Amaranthus hybridus (redroot pigweed) and Chenopodium album (common lambsquarters), 
were lower in com following the wheat/clover phase of a 3-yr (com-soybean-wheat/clover) 
rotation and the hay phase of a 4-yr (com-soybean-wheat/clover-clover/orchardgrass hay) 
rotation, compared with com following soybean in a 2-yr (com-soybean) rotation. Our 
findings support Teasdale et al. ' s (2004) hypothesis that lower broadleaf weed seed densities 
following small grain and forage crops are at least partially explained by reduced seed inputs 
in those crops, which are characterized by well developed canopies and multiple mechanical 
disturbances (i .e. mowing and crop harvest) prior to the time of weed maturity. 
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Compared to A. theophrasti, S. faberi population growth was less restricted in triticale 
and alfalfa. Setariafaberi populations increased in both triticale and alfalfa in 2003, 
increased in triticale in the 3-yr rotation in 2004, and decreased in alfalfa in 2004 (Fig. 4) . 
Setaria faberi population growth in triticale and alfalfa arose from the combination of 
relatively high rates of seedling recruitment (Table 4) coupled with very high rates of 
seedling survival (Table 5). Although S. faberi fecundity did show a trend for reduction in 
triticale and alfalfa compared with corn and soybean in the 3-yr and 4-yr rotations (Table 7), 
this difference was not statistically significant. Moreover, S. faberi fecundity in triticale and 
alfalfa was not reduced enough to prevent population growth, given high rates of seedling 
survival. Buhler et al. (2001) reported that seedbank densities of several Setaria (foxtail) 
species increased dramatically following the oat/hay phase of a 5-yr (corn-soybean-corn-
oat/hay-hay) rotation managed without herbicides. Buhler et al. (2001) attributed this 
outcome to the ability of Setaria species to produce large numbers of seeds even in 
presumably unfavorable environments. Our findings suggest that large Setaria seed inputs in 
small grain and hay crops are mostly associated with high rates of seedling survival rather 
than high plant fecundity . 
In 2004, low rates of S. faberi seedling survival in alfalfa (Table 5) resulted in significant 
population declines in that crop (Fig. 4) and prevented S.faberi population growth in the 4-yr 
rotation (Fig. 5). Climatic and management factors contributed to the critical difference in S. 
faberi seedling survival in alfalfa between study years. In 2003, alfalfa stands were generally 
less vigorous than in 2004. Furthermore, abnormally dry late summer conditions in 2003 
(Table 1) prevented a September hay harvest in that year. In total, hay was harvested four 
times in 2004, but only three times in 2003 (Table 2). Differences in weed seedling survival 
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in alfalfa between study years draw attention to the importance of the interaction between 
crops, climate and management factors in determining weed management outcomes. Norris 
and Ayres (1991) reported that interactions between harvest and irrigation regimes 
influenced invasion of alfalfa hay pastures by Setaria glauca (yellow foxtail). Similarly, in 
the current study moisture availability and harvest intensity likely led to differences in weed 
seedling survival in alfalfa that ultimately made the difference between suppression and 
growth of S. faberi populations in the 4-yr rotation. 
The results of this study provide a demographic explanation for existing evidence that 
rotations comprised of diverse assemblages of crops and attendant management practices can 
contribute to the regulation of weed populations. Successful integrated weed management 
strategies for com and soybean are likely to be facilitated by the use of crop rotations that 
also include small grain and forage crops such as triticale and alfalfa, which can restrict rates 
of population increase through non-herbicide induced reductions in weed seedling survival 
and fecundity. The results of this study indicate that rotations including triticale and alfalfa 
can facilitate the suppression of A. theophrasti. Rotations including alfalfa can contribute to 
restraining S. faberi populations, given adequate levels of seedling mortality in this crop. 
Modeling studies indicate that, for annual weed species, seed survival is the single most 
important factor controlling population dynamics (Jordan et. al 1995, Davis et al. 2003, 2004, 
Westerman et al. 2005). In the present study, we did not incorporate the potential for 
seedbank mortality or losses of newly produced seeds in our estimates of weed population 
change. Our analysis, however, highlights three important points regarding the role of seed 
losses in diversified cropping systems. First, seed losses are likely to be particularly 
important for weed species, like S. faberi , that are able to successfully produce large numbers 
28 
of seeds in a range of crops. Secondly, losses of seeds are also likely to be particularly 
important in cropping systems in which the potential exists for substantial weed seed inputs 
in one or more crops. In this study losses of seeds would have little impact on weed 
populations in the 2-yr rotation, which were found already to be in decline, but could have a 
great impact in the 3-yr and 4-yr rotation systems. Finally, the impact of seed losses will 
likely be greater following particular crops within a rotation. For example, for the 3-yr and 4-
yr rotations in this study, high rates of seed loss following soybean, where plant survival and 
fecundity tended to be greatest, would have a greater impact on rates of weed population 
growth than would high rates of seed loss following crops like alfalfa, where seed inputs 
were low (Westerman et al. 2005). Further studies that elucidate cropping system impacts on 
factors contributing to weed seed losses will aid in the development of cropping systems that 
are able to restrict weed populations with less reliance on herbicides. 
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Figure Captions 
Fig. 1. Weed plant density in the 2-yr (. ), 3-yr (.)and 4-yr ([])rotation systems. 
Vertical bars represent SED (d.f. = 24). 
Fig. 2. Weed plant dry weight in the 2-yr C• ), 3-yr C•) and 4-yr ([])rotation systems. 
Vertical bars represent SED (d.f. = 24). 
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Fig. 3. Annual rates of population change (loge Li) for Abutilon theophrasti in crops in the 
three rotation systems in 2003 ( E] ) and 2004 (0 ). Rate of population change (Li) calculated 
as 1 - r + (r x s xf ), where: r =seedling recruitment, s =seedling survival and/= plant 
fecundity. Vertical bars represent SEDs (d.f. = 24) for 2003 (left) and 2004 (right). Asterisks 
indicate a significant directional rate of population change (loge Li #0) at P < 0.05. 
Fig. 4. Annual rates of population change (loge Li) for Setaria faberi in crops in the three 
rotation systems in 2003 (~)and 2004 ( [J ). Rate of population change (Li) calculated as 
per Figure 3. Vertical bars represent SEDs (d.f. = 24) for 2003 (left) and 2004 (right). 
Asterisks indicate a significant directional rate of population change (loge Li #0) at P < 0.05. 
Fig. 5. Annual rates of population growth (loge Li) for Abutilon theophrasti and Setari faberi 
in the 2-yr, 3-yr and 4-yr rotation systems in 2003 ( ~ ) and 2004 ( D ). Rate of population 
change calculated as per Figures 3 and 4. Vertical bars represent SED (d.f. = 30). Asterisks 
indicate a significant directional rate of population change (loge Li #0) at P < 0.05. 
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Table 1. Monthly mean air temperature and precipitation in Boone County, Iowa for 2003 
and 2004, and 50-yr average from 1954-2004. 
Mean air temperature (C) Mean precipitation (mm) 
Month 2003 2004 50-yr mean 2003 2004 50-yr mean 
March 2.2 5.6 2.0 29 96 49 
April 11 .1 11.7 10.1 112 61 88 
May 15.6 16.7 16.2 122 208 116 
June 20.0 20.0 21.2 150 91 126 
July 23.3 22.2 23.3 168 50 103 
August 23.3 19.4 22.0 25 132 105 
September 16.7 20.0 17.8 100 34 82 
October 12.2 12.2 11.4 24 45 62 
Season average 15.6 16.0 15.5 
Season total 730 717 731 
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Table 2. Crop management practices for the three rotation systems in 2003 (A) and 2004 (B). 
Rotation Crop Primary tillage Fertilization Cultivation and mowing 
(a) 2003 
2-yr Corn Surface cultivation (1 x) PPI: 110 kg N ha·1 (urea), Rotary hoe (1x) 
POST: 40 kg N ha·1 (urea) 
Soybean Chisel plow, None None 
surface cultivation (2x) 
3-yr Corn Moldboard plow, PPI : 55 kg N ha·1 (urea)+ Rotary hoe (1 x), 
surface cultivation (2x) 12.5 Mg ha·1 composted interrow cultivation (2x) 
dairy manure (dry weight) 
POST: 40 kg N ha·1 (urea) 
Soybean Chisel plow, None Rotary hoe (1 x), 
surface cultivation (2x) interrow cultivation (1x) 
Triticale+clover None PRE: 30 kg N ha·1 (urea) Stubble mowing (1x) 
4-yr Corn Moldboard plow, PPI: 55 kg N ha·1 (urea) + Rotary hoe (1 x), 
surface cultivation (2x) 12.5 Mg ha·1 composted interrow cultivation (2x) 
dairy manure (dry weight) 
Soybean Chisel plow, None Rotary hoe (1 x), 
surface cultivation (2x) interrow cultivation (1 x) 
Triticale+alfalfa None PRE: 30 kg N ha·1 (urea) Stubble mowing (1 x) 
Alfalfa None None Hay harvest (3x) 
(b) 2004 
2-yr Corn Surface cultivation (1x) PPI : 110 kg N ha·1 (urea), None 
Soybean Chisel plow, None None 
surface cultivation (2x) 
3-yr Corn Moldboard plow, PPI : 35 kg N ha·1 (urea) + Rotary hoe (1 x) , 
surface cultivation (2x) 11 Mg ha·1 composted interrow cultivation (1x) 
dairy manure (dry weight), 
POST: 70 kg N ha·1 (UAN) 
Soybean Chisel plow, None Rotary hoe (1x), 
surface cultivation (2x) interrow cultivation (2x) 
Triticale+clover None PRE: 30 kg N ha·1 (urea) Stubble mowing (1x) 
4-yr Corn Moldboard plow, PPI : 35 kg N ha·1 (urea)+ Rotary hoe (1x), 
surface cultivation (2x) 11 Mg ha·1 composted interrow cultivation (1x) 
dairy manure (dry weight) 
POST: 35 kg N ha·1 (UAN) 
Soybean Chisel plow, None Rotary hoe (1 x) , 
surface cultivation (2x) interrow cultivation (2x) 
Triticale+alfalfa None PRE: 30 kg N ha·1 (urea) Stubble mowing (1 x), 
Hay harvest (1 x) 
Alfalfa None None Hay harvest (4x) 
PPI = pre-planting, broadcast application, incorporated; PRE = pre-planting, broadcast application; 
POST = post-emergence, broadcast application; UAN = liquid urea ammonium nitrate. 
Table 3. Herbicide inputs for crops in the three rotation systems in 2003 (A) and 2004 (B). 
Rotation 
(a) 2003 
2-yr 
3-yr 
4-yr 
(b) 2004 
2-yr 
3-yr 
4-yr 
Crop 
Corn 
Soybean 
Corn 
Soybean 
Triticale+clover 
Corn 
Soybean 
T riticale+alfalfa 
Alfalfa 
Corn 
Soybean 
Corn 
Soybean 
Triticale+clover 
Corn 
Soybean 
Triticale+alfalfa 
Alfalfa 
Herbicide applications 
PPI: S-metolachlor (1.6 kg a.i. ha.1) + isoxaflutole (0.11 kg a.i. ha·\ 
POST: nicosulfuron (0.026 kg a.i. ha.1) + rimsulfuron (0.014 kg a.i. ha.1) + mesotrione (0.07 k.g. a.i. ha.1) 
PPI: S-metolachlor (1.6 kg a.i. ha·\ POST: bentazon (1 .1 kg a. i. ha.1) + flumich lorac (0.06 kg ha.1) + clethodim (0.18 kg ha.1) 
BAND: nicosulfuron (0.026 kg a.i. ha.1) + rimsulfuron (0.014 kg a.i. ha.1) + mesotrione (0.07 k.g. a.i. ha.1) 
PPI: S-metolachlor (1 .6 kg a.i. ha·\ BAND: flumichlorac (0.06 kg ha.1) 
None 
BAND: nicosulfuron (0.026 kg a.i. ha.1) + rimsulfuron (0.014 kg a.i. ha.1) + mesotrione (0.07 k.g. a.i. ha.1) 
PPI: S-metolachlor (1 .6 kg a.i. ha·\ BAND: flumichlorac (0.06 kg ha.1) 
None 
None 
PPI: S-metolachlor (1.6 kg a.i. ha.1) + isoxaflutole (0.11 kg a.i. ha·\ 
PPI: S-metolachlor (1.6 kg a.i. ha·\ POST: bentazon (1.1 kg a.i. ha.1) + clethodim (0.11 kg ha.1) 
BAND: nicosulfuron (0.026 kg a.i. ha.1) + rimsulfuron (0.014 kg a.i. ha.1) + mesotrione (0.11 k.g. a.i. ha.1) 
PPI: S-metolachlor (1.6 kg a.i. ha·\ BAND: bentazon (1 .1 kg a.i. ha.1) 
None 
BAND: nicosulfuron (0.026 kg a.i. ha.1) + rimsulfuron (0.014 kg a.i. ha.1) + mesotrione (0.11 k.g. a.i. ha.1) 
PPI: S-metolachlor (1 .6 kg a.i. ha·\ BAND: bentazon (1.1 kg a.i. ha.1) 
None 
None 
PPI = pre-planting, broadcast application, incorporated; POST = post-emergence, broadcast application; 
BAND= post-emergence, banded application (38 cm wide bands, centered on crop rows, resulting in application of half indicated chemical rate). VJ 
0\ 
Table 4. Seedling recruitment rates for Abutilon theophrasti and Setaria faberi populations in crops in the three rotation systems 
in 2003 and 2004 (A). Contrasts among selected crops conducted on transformed data (B). 
(a) Abutilon theophrasti Setaria faberi 
Seedlings seed·1 Sin·\ 1 seedlings seed·1 Seedlings seed·1 Sin·\ 1 seedlings seed·1 
Rotation Crop 2003 2004 2003 2004 2003 2004 2003 2004 
2-yr Corn 0.418 0.298 0.70 e 0.58 cd 0.249 0.069 0.52 a 0.26 a 
Soybean 0.192 0.384 0.45 abc 0.67 d 0.221 0.080 0.49 a 0.29 a 
3-yr Corn 0.114 0.055 0.34 a 0.23 b 0.249 0.048 0.52 a 0.22 a 
Soybean 0.251 0.031 0.52 abc 0.17 a 0.164 0.078 0.42 a 0.24 a 
T riticale+clover 0.358 0.099 0.64 de 0.30 b 0.898 0.248 1.40 c 0.50 b 
4-yr Corn 0.137 0.078 0.37 ab 0.28 b 0.248 0.038 0.52 a 0.19 a 
Soybean 0.271 0.068 0.54 be 0.26 b 0.191 0.016 0.45 a 0.13 a 
Triticale+alflafa 0.328 0.187 0.61 de 0.42 be 0.523 0.390 0.87 b 0.67 b 
Alfalfa 0.171 0.015 0.42 abc 0.08 a 0.399 0.251 0.68 b 0.52 b 
SEO (24 d.f.) 0.04 0.05 0.10 0.08 
M eans within a column followed by the same letter are not significantly different according to Tukey's tests (a= 0.05). 
(b) Abutilon theophrasti Setaria faberi 
2003 2004 2003 2004 
Contrast --------------------P-val ue--------------------
Corn: 2-yr vs. 3-yr +4-yr < 0.001 < 0.001 NS NS 
Soybean: 2-yr vs. 3-yr +4-yr NS < 0.001 NS NS 
Triticale: 3-yr vs. 4-yr NS NS 0.002 NS 
3-yr rotation: triticale vs. corn+soybean < 0.001 0.010 < 0.001 0.009 
4-yr rotation: triticale vs. corn+soybean 0.005 0.012 0.005 < 0.001 
4-yr rotation: alfalfa vs. corn+soybean NS 0.002 0.010 < 0.001 
4-yr rotation: triticale vs. alfalfa 0.003 < 0.001 NS NS 
(.;.) 
-....) 
Table 5. Seedling survival rates for Abutilon theophrasti and Setaria faberi populations in crops in the three rotation systems 
in 2003 and 2004 (A). Contrasts among selected crops conducted on transformed data (B). 
(a) Abutilon theophrasti Setaria faberi 
Plants seedling·1 Sin·\ / plants seedling·1 Plants seedling·1 
Rotation Crop 2003 2004 2003 2004 2003 2004 
2-yr Corn 0.000 0.019 0.00 a 0.13 a 0.001 0.019 
Soybean 0.003 0.004 0.04 ab 0.05 a 0.000 0.000 
3-yr Corn 0.016 0.007 0.06 ab 0.06 a 0.013 0.038 
Soybean 0.057 0.000 0.23 e 0.04 a 0.020 0.008 
Tritieale+elover 0.010 0.009 0.08 abe 0.05 a 0.031 0.150 
4-yr Corn 0.017 0.004 0.09 abe 0.03 a 0.010 0.008 
Soybean 0.037 0.012 0.19 be 0.10 a 0.009 0.003 
Tritieale+alfalfa 0.012 0.024 0.10 abe 0.15 a 0.078 0.086 
Alfalfa 0.003 0.000 0.04 ab 0.00 a 0.071 0.006 
SEO (24 d.f.) 0.03 0.03 
M eans within a column followed by the same letter are not signi ficantly di fferent according to Tukey's tests (a = 0.05). 
(b) 
Contrast 
Corn : 2-yr vs. 3-yr +4-yr 
Soybean: 2-yr vs. 3-yr +4-yr 
Tritieale : 3-yr vs. 4-yr 
3-yr rotation : tritieale vs. eorn+soybean 
4-yr rotation: tritieale vs. eorn+soybean 
4-yr rotation: alfalfa vs. eorn+soybean 
4-yr rotation: tritieale vs . alfalfa 
Abutilon theophrasti Setaria faberi 
2003 2004 2003 2004 
--------------------P-val ue--------------------
0.051 
< 0.001 
NS 
NS 
NS 
0.015 
NS 
NS 
NS 
0.032 
NS 
0.040 
0.045 
0.003 
0.052 NS 
0.004 NS 
NS NS 
0.020 < 0.001 
< 0.001 0.002 
< 0.001 NS 
NS 0.006 
Sin·\ / plants seedling·1 
2003 2004 
0.02 a 0.10 abe 
0.00 a 0.00 a 
0.10 be 0.14 abe 
0.14 be 0.02 ab 
0.17 ed 0.36 e 
0.09 be 0.06 abe 
0.07 be 0.03 ab 
0.27 d 0.28 e 
0.27 d 0.05 ab 
0.03 0.06 
w 
00 
Table 6. Selected comparisons of Abutilon theophrasti and Setaria f aberi plant density and biomass among crops in the three 
rotation systems in 2003 and 2004. Contrasts conducted on transformed data. 
Log0 plants m-2 Log0 dry weight (g) planr1 
Abutilon theophrasti Setaria faberi Abutilon theophrasti Setaria faberi 
2003 2004 2003 2004 2003 2004 2003 2004 
Contrast --------------------P-val ue-------------------- --------------------P-val u e--------------------
Corn: 2-yr vs. 3-yr +4-yr NS NS 0.024 NS NS NS 0.001 NS 
Soybean: 2-yr vs. 3-yr +4-yr < 0.001 NS 0.002 NS 0.007 NS < 0.001 NS 
Triticale: 3-yr vs. 4-yr NS 0.001 NS NS NS NS NS NS 
3-yr rotation: triticale vs. corn+soybean 0.006 NS < 0.001 < 0.001 0.051 NS < 0.001 NS 
4-yr rotation: triticale vs. corn+soybean NS < 0.001 < 0.001 < 0.001 0.047 0.018 < 0.001 NS 
4-yr rotation: alfalfa vs. corn+soybean 0.003 NS < 0.001 0.050 0.029 0.008 < 0.001 NS 
4-yr rotation: triticale vs. alfalfa NS 0.001 0.020 < 0.001 NS NS NS NS 
Vol 
l.O 
Table 7. Fecundity for Abutilon theophrasti and Setariafaberi populations in crops in the three rotation systems 
in 2003 and 2004 (A). Contrasts among selected crops conducted on transformed data (B). 
(a) Abutilon theophrasti Setaria faberi 
Seeds planf1 Log0 seeds planf1 Seeds planf1 Log. seeds planf1 
Rotation Crop 2003 2004 2003 2004 2003 2004 2003 2004 
2-yr Corn 0 8 0.0 a 1.4 a 13 343 1.0a 2.8 a 
Soybean 103 44 2.6 b 1.7 a 70 0 1.4 ab O.Oa 
3-yr Corn 38 6 1.3 ab 1.1 a 634 90 6.1 ed 2.5 a 
Soybean 376 78 5.8 e 1.9 a 7096 0 8.7 e 0.0 a 
Tritieale+elover 22 0 2.2 ab 0.0 a 184 29 5.2 bed 3.4 a 
4-yr Corn 175 5 2.4 ab 0.7 a 308 82 3.0 bed 2.4 a 
Soybean 856 825 6.4 e 5.2 b 13365 759 9.2 e 4.4 a 
Tritieale+alfalfa 20 0 2.2 ab 0.1 a 214 24 5.3 bed 3.2 a 
Alfalfa 0 0 0.0 a 0.0 a 281 11 5.6 ed 1.5 a 
SED (24 d.f.) 1.0 0.9 0.8 1.1 
M eans within a column followed by the same letter are not significantly different according to Tukey's tests (a= 0.05). 
(b) Abutilon theophrasti Setaria faberi 
2003 2004 2003 2004 
Contrast --------------------P-value--------------------
Corn: 2-yr vs. 3-yr +4-yr NS NS 0.002 NS 
Soybean: 2-yr vs. 3-yr +4-yr 0.009 NS < 0.001 NS 
Triticale: 3-yr vs. 4-yr NS NS NS NS 
3-yr rotation : tritieale vs. eorn+soybean 0.038 0.026 0.040 NS 
4-yr rotation : tritieale vs. corn+soybean 0.040 0.016 NS NS 
4-yr rotation : alfalfa vs. eorn+soybean 0.001 0.013 NS NS 
4-yr rotation: tritieale vs. alfalfa NS NS NS NS 
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CHAPTER 3. SEASONAL PATTERNS IN POST-DISPERSAL SEED PREDATION 
OF ABUT/LON THEOPHRASTI AND SETARIA FABER/ IN THREE CROPPING 
SYSTEMS 
A paper submitted to the Journal of Applied Ecology 
Andrew H. Heggenstaller1'2, Fabian D. Menalled3, Matt Liebman 1 and Paula R. Westerman1 
Summary 
Post-dispersal seed predation can represent a significant source of mortality for arable 
weed populations. However, the extent to which crops and management practices influence 
rates of seed predation is not well established. Removal of Abutilon theophrasti and Setaria 
faberi seeds by predators was measured in 2-yr (corn/soybean), 3-yr 
(corn/soybean/triticale+red clover), and 4-yr (corn/soybean/triticale+alfalfa/alfalfa) crop 
rotation systems in Iowa, during 12 two-day trials conducted between May and November 
2003 and 15 two-day trials conducted between April and November 2004. Averaged across 
cropping treatments, removal of S. faberi seeds was equal (6 trials) or greater (2 1 trials) than 
removal of A. theophrasti seeds. Seasonal patterns of seed removal were crop-specific and 
complementary. In corn and soybean, seed predation was low in spring, high in summer and 
low in autumn. In triticale+legume intercrops seed predation was high in spring, low in 
summer and moderate in autumn. In alfalfa, seed predation fluctuated from high to low, 
matching the harvest cycle of the crop. Measurements of crop canopy light interception taken 
in 2004 were positively correlated with rates of seed removal for both A. theophrasti (r = 
1 Graduate student, Professor and associate scientist, respectively, Department of Agronomy, Iowa State 
University. 
2 Primary researcher and author. 
3 Assistant Professor, Department of Land Resources and Environmental Sciences, Montana State University. 
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0.54; P < 0.001) and S.faberi (r = 0.25; P < 0.001), suggesting that vegetative cover 
promotes weed seed predation. Our results indicate that greater opportunities for weed seed 
mortality due to predation are likely to be maintained throughout the year in cropping 
systems that maximize the presence of vegetative cover through the inclusion of a range of 
phenologically dissimilar crop types. 
Key-words: Weed seed predation, crop rotation, vegetative cover, crop phenology, habitat 
quality 
Introduction 
A growing body of evidence indicates that large numbers of weed seeds are regularly 
consumed in arable fields by vertebrate and invertebrate seed predators. For example, 
Harrison et al. (2003) reported that 88% of Ambrosia trifida (giant ragweed) seeds on the 
surface of a no-tillage com field in the Midwestern US were consumed by predators over the 
course of a year. Similarly, up to 70% of the weed seeds produced in cereal fields in the 
Netherlands were predated during one cropping season (Westerman et al., 2003). Honek et 
al. (2003) estimated that invertebrate seed predators were capable of consuming 1150 - 4000 
weed seeds m-2 daf1in arable fields in the Czech Republic. These and other studies draw 
attention to the fact that post-dispersal seed predation can be a significant source of mortality 
for weed populations and that weed seed predation may contribute to management strategies 
that reduce reliance on herbicides (Brust and House 1988, Swanton et al. 1999, Marino et al. 
1997, Westerman et al. 2003, Holmes and Froud-Williams 2005, Gallandt et al. 2005). 
47 
Modeling studies draw further attention to the potentially important influence of seed 
predation as a factor regulating weed populations. Jordan et al. (1995), Davis et al. (2004) 
and Claessen et al. (2005) used matrix population models (Caswell 2001) to evaluate the 
contribution of different lifecycle transitions to rates of weed population growth. Overall, 
these studies found that seed survival was the single most important demographic process 
influencing long-term population dynamics. Westerman et al. (2005) employed matrix 
models to investigate the capacity for seed predation to offset increased weed survival and 
fecundity in low-input cropping systems, and concluded that in a 4-yr crop rotation receiving 
only 18% of conventional herbicide inputs, destruction of 40% of Abutilon theophrasti 
(velvetleaf) seeds produced in the soybean phase of the rotation could prevent weed 
population growth. Improved understanding of relationships between cropping practices and 
weed seed losses to predators will aid in the development of management strategies designed 
to manipulate weed seedbanks (Forcella 2003). 
Management practices including tillage, fertilizer and pesticide inputs and crop type 
could have substantial impacts on weed seed predation. Tillage practices can influence rates 
of seed predation and, though the literature is not entirely consistent, it appears that predation 
is generally greater in no-tillage systems compared to conventional tillage systems (Brust and 
House 1988, Cardina et al. 1996, Cromar et al. 1999). Cromar et al. (1999) attributed 
differences in rates of seed predation among tillage systems to the combined effects of 
disturbance intensity and residue quantity and quality on seed predator abundance and 
activity. 
Pesticide and fertilizer inputs have been implicated as factors responsible for reductions 
in the abundance of invertebrate weed seed predators in arable fields (Drischilo and Wanner 
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1980, Kromp 1989), and could lead to decreased rates of seed predation. Management 
practices, including cover crops and herbaceous filter strips have been shown to augment 
invertebrate seed predator activity-densities (Carmona and Landis 1999, Lee et al. 2001) and 
enhance seed predation in intensively managed farming systems (Menalled et al. 2001). 
Crops differ in terms of seeding and harvest dates, growth characteristics, and type and 
timing of management practices, and these factors can influence seed predator abundance 
and activity (Menalled et al. in press). Consequently, crop identity should also influence seed 
predation. Although several studies have investigated the effects of crop habitats on seed 
predator abundance (Szel et al. 1997, Zhang et al. 1998, Olson and Brewer 2003), few have 
actually assessed rates of seed predation among different crops. Zhang (1993) reported 
greater predation of Echinochloa crus-gali (bamyardgrass) and Brassica kaber (wild 
mustard) seeds in barley compared with potato. Anderson (1998) found that predation of 
Bilderdykia convolvulus (black bindweed) seeds was greater in oat, whereas predation of 
Polygonum lapathifolium (pale smartweed) and Thalaspi arvense (field pennycress) was 
greater in the grass-legume mixture. Davis and Liebman (2003) reported that predation of 
Setaria faberi (giant foxtail) seeds was greater in wheat intercropped with red clover 
compared with a wheat monoculture, and hypothesized that this difference was related to 
increased late-season vegetative cover and improved predator habitat quality in the wheat-red 
clover intercrop. Other investigators reported increased rates of seed predation in habitats 
characterized by greater vegetative cover (Mittlebach and Gross 1984, Reader 1991 , Povey et 
al. 1993, Manson and Stiles 1998), suggesting that the potential for seed predation might be 
enhanced in cropping systems that maximize the presence of canopy cover throughout the 
cropping season. 
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In the present study we compared patterns of post dispersal seed predation across a range 
of cropping systems with contrasting levels of crop diversity and external resource inputs. 
We hypothesized that greater seed losses to predators would be supported over the course of 
the growing season in diversified cropping systems that include a range of crops with 
disparate growth habits, compared with simpler systems comprising fewer phenologically 
dissimilar crops. Secondly, we hypothesized that season-long predation pressure would be 
greater in more diverse cropping systems as a result of greater vegetative cover in rotations 
including crops other than summer annuals (i.e. corn and soybean). Finally, we hypothesized 
that rates of seed predation in corn and soybean crops would differ between a management 
system based on conventional herbicide and fertilizer inputs and an integrated management 
system based on reduced chemical inputs and greater utilization of mechanical weed control 
practices. To test these hypotheses, we measured rates of removal of Abutilon theophrasti 
and Setariafaberi seeds by predators in a conventionally managed 2-yr (corn/soybean) 
rotation and in 3-yr (corn/soybean/triticale+red clover) and 4-yr (corn/soybean-
triticale+alfalfa/alfalfa) rotations managed with reduced herbicide and fertilizer inputs. Crop 
canopy light interception was assessed in one year of the study in concert with measurements 
of seed removal to assess the relationship between canopy development and post dispersal 
seed predation. 
Materials and Methods 
Experimental site, rotation systems, and crop management 
Seed predation trials were conducted in 2003 and 2004 in an ongoing cropping systems 
experiment at the Iowa State University Agronomy Farm, located in Boone County, Iowa, 
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USA (42°0'N; 93°6'W). Soils at the site are Clarion loam (fine-loamy, mixed, superactive, 
mesic, Typic Hapludolls), Nicollet loam (fine-loamy, mixed, superactive, mesic, Aquic 
Hapludolls), and Webster silty clay loam (fine-loamy, mixed, superactive, mesic, Typic 
Endoaquolls). Prior to the establishment of the experiment, the site had been commercially 
managed with a corn-soybean rotation receiving conventional fertilizer and herbicide inputs. 
The entire site was planted to oat in 2001 and the cropping systems experiment was 
established in 2002. The experiment is arranged as a randomized complete block design with 
each crop phase of each of the three rotations systems present every year in four replicate 
blocks. Plot size is 18 m x 85 m. Seed predation experiments were conducted in the eastern 
(9 m x 85 m) half of each plot. Demographic studies of Abutilon theophrasti and Setaria 
faberi were carried out concomitantly in the western half of each plot (Heggenstaller and 
Liebman in review). 
The 2-yr (corn/soybean) rotation is typical of cash grain farming systems in the 
Midwestern USA and is managed with conventional fertilizer and herbicide inputs. The 3-yr 
(corn/soybean/triticale+red clover green manure) and 4-yr 
(corn/soybean/triticale+alfalfa/alfalfa hay) rotations are representative of diversified farming 
systems suitable for the region, with the 4-yr rotation being appropriate for farms that include 
ruminant livestock. Compared to the 2-yr rotation, the 3-yr and 4-yr rotations are 
characterized by a greater diversity of phenologically dissimilar crops (Table 1), reduced 
tillage frequency, lower fertilizer nitrogen inputs (Table 2), and reduced herbicide 
applications, coupled with greater utilization of mechanical weed management practices 
(Table 3). Over the study period, herbicide inputs (kg a.i . ha-1 y(1) were 72% and 79% lower 
in the 3-yr and 4-yr rotations, respectively, compared with the 2-yr rotation. Similarly, 
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fertilizer nitrogen inputs (kg N ha- 1 y( 1) were 37% and 67% lower in the 3-yr and 4-yr 
rotations, compared with the 2-yr rotation. 
Weed seed predation 
Weed seed predation rates were assessed using 'seed cards' following the methodology 
developed by Westerman et al. (2003). Fifty seeds of either A. theophrasti (519 mg/50 seeds) 
or S.faberi (85 mg/100 seeds) were lightly attached to rectangular (6 cm x 8 cm) sandpaper 
cards using a spray adhesive (3M Spray mount no. 6065, 3M Inc. St. Paul, MN.). After 
application of the adhesive, seeds were pressed lightly onto cards and dusted with a fine layer 
of sieved soil recovered from the experimental site. All weed seeds used in the study were 
hand harvested from local populations in the fall of 2002 and 2003. 
Four exposed and two control cards of each species were pinned to the soil surface in 
each experimental plot for a period of two days between May and November 2003 and April 
and November 2004. Card locations were randomized for each trial and cards were always 
separated by at least two meters. Twelve trials were conducted in 2003 and fifteen trials were 
conducted in 2004. Seed predation trials were conducted every two weeks, except for the 
final trial in each season, which was initiated four weeks following the penultimate trial. 
Control cards included in each trial were used to estimate the fraction of seeds lost due to 
handling, weather, and other ambient factors not related to predation. Control cards were 
inserted into 12 cm x 12 cm narrow-mesh metal screen cages just prior to placement in the 
field. 
For presentation, seed removal by predators was calculated for each plot and trial as the 
proportion of seeds removed from exposed cards relative to the number of seeds lost from 
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control cards using Abbott's (1945) correction formula: R = ( C-E)l(C), where R is the 
proportion of seeds removed by predators, Eis the number of seeds remaining on exposed 
cards, and C is the number of seeds remaining on control cards. It was assumed that seeds 
removed from exposed cards were consumed by seed predators. It is feasible that some 
removed seeds were either incompletely consumed or cached for later consumption (Vander 
Wall et al. 2005). However, the regular presence of piles of empty seed husks on or near 
cards at the time of collection suggested that the majority of seeds were consumed at the site 
of the card rather than dispersed or incompletely consumed. 
Canopy light interception 
Canopy light interception was assessed in conjunction with measurements of seed removal 
during 12 trials in 2004 where conditions permitted light measurements. For each sampling 
trial, three 15-second measurements of photosynthetically active radiation (PAR) were 
collected below and above the canopy in each plot between IO am and 2 pm (Pearcy 1991). 
Above canopy measurements (PARA) were taken using a quantum point sensor (LI-190SA, 
LI-COR Inc., Lincoln, NE) and below canopy measurements (PAR8 ) were taken using a 
quantum bar sensor (LI-191 SA, LI-COR Inc., Lincoln, NE). All measurements of canopy 
light interception taken in the same plot on the same day were averaged prior to analysis and 
used to calculate light interception as (PARA - P AR8 )/ PARA. 
Statistical analysis 
For analysis, seed predation data were expressed as the proportion of seeds removed per 
card during each sampling period. Prior to analysis, all subsample measurements made in the 
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same plot on the same date were averaged. The effects of sampling trial, species, and 
cropping treatment on seed predation were tested with a repeated measures analysis of 
variance CANOVA) model using the MIXED procedure of SAS® Version 9.0 (SAS/STAT 
2002). Significant interactions between year and cropping treatment effects made it necessary 
to analyze data separately within years. In order to satisfy ANOV A assumptions of normality 
and homogeneity of error variance within years, all data were square root (sin-1) transformed 
(Sokal and Rohlf 1969). Data were then analyzed separately by trial due to significant 
interactions with cropping treatments and weed species. Means were separated by Tukey's 
tests (P < 0.05). The relationship between seed removal and crop canopy light interception 
was evaluated with Pearson's correlation coefficients obtained using the CORR procedure of 
SAS® Version 9.0 (SAS, 2002). 
Results 
Ambient seed losses 
Seed losses from control cards were minimal for both weed species in both study years 
(Fig. 1 ). No differences in ambient weed seed losses were detected among cropping 
treatments and few differences were detected among sampling trials. For S. faberi, seed 
losses were significantly greater during the 21 -May (P < 0.001) and 30-Sep (P < 0.001) trials, 
compared to all other trials in 2003 and greater during the 21 -Sep. (P < 0.001) trial compared 
to all other trials in 2004. Averaged over all crops and sampling trials, the proportion of seeds 
lost, per two days in 2003 was 0.05 ± 0.003 (mean ± SE) for A. theophrasti and 0.06 ± 0.004 
for S. faberi. In 2004, the proportion of seeds lost was lower (P < 0.001) for A. theophrasti 
(0.02 ± 0.003) than S. faberi (0.04 ± 0.002). 
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Seed Predators 
Repeated pit fall trapping conducted in 2003 and 2004 and laboratory feeding studies 
indicated that Gryllus pennsylvanicus (field cricket), Allonemobius allardi (ground cricket) 
and Harpalus pennsylvanicus (ground beetle: Carabidae), were the dominant invertebrate 
seed predators at the study site (O' Rourke et al. in review). A mark-recapture trial conducted 
between 9- and 12-September 2003 indicated that Peromyscus maniculatus (prairie deer 
mouse) was the dominant vertebrate seed predator (B. Danielson and M. Liebman, 
unpublished data). Peromyscus maniculatus is reported to regularly consume weed seeds 
including those of A. theophrasti and S. faberi (Getz and Brighty 1986). 
Differences in seed predation between weed species 
Averaged across cropping treatments, weed seed removal was equal (6 trials) or greater 
(21 trials) for S. faberi than for A. theophrasti (Table 4). However, there was little evidence 
that particular cropping treatments had different effects on seed removal for the two species. 
Significant interactions between species and cropping treatment were observed during one 
trial in 2003 (Table 4a), and during four trials in 2004 (Table 4b). In 2003, the one instance 
of interaction between species and cropping treatment occurred during the 21-May trial , 
where the proportion of A. theophrasti seeds removed in corn was much greater than S. 
faberi (Fig. 2). Of the four cases of interaction between species and cropping treatment 
observed in 2004 (Fig. 3), the first occurred during the 29-Jun. trial where the proportion of 
S. faberi seeds removed in both corn and soybean was found to be much greater than A. 
theophrasti. The remaining three cases of interaction between species and cropping treatment 
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observed in 2004 all occurred during late season trials (21-Sep., 5-0ct., 19-0ct.), where the 
proportion of S. faberi seeds removed in triticale/red clover was much greater than A. 
theophrasti. Averaged over all sampling trials, the proportion of A. theophrasti and S. faberi 
seeds removed per two days was 0.32 ± 0.018 and 0.45 ± 0.016 in 2003, and 0.33 ± 0.019 
and 0.60 ± 0.017 in 2004, respectively. 
Differences in seed predation in corn and soybean among rotation systems 
Differences in seed removal between crops were much greater than differences due to 
management practices used in corn and soybean crops in the different rotations. No 
significant differences in seed removal were observed for either weed species in corn crops 
among the three rotation systems in either study year. In soybean, A. theophrasti seed 
removal was found to be greater in the 3-yr rotation compared to the 2-yr rotation during one 
trial (12-Aug.) in 2003 (P = 0.011). Due to the lack of other evidence for differences within 
corn and soybean crops among the different management systems, all further analyses of 
seed removal in these crops were conducted on data pooled across rotation systems. 
Differences in seed predation among crops 
Averaged across the season, there were almost no differences in seed removal among 
crops (Fig 4 ). However, within the season, seed removal differed significantly among crops 
during 9 of 12 trials in 2003 (Fig. 2; Table 4a), and during 11 of 15 trials in 2004 (Fig. 3; 
Table 4b). Trials in which no differences in seed removal were observed crops generally 
occurred late in the season when seed removal tended to be low in most crops. 
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In com and soybean, seed removal was generally low in spring, high in mid-summer and 
low in autumn (Figs. 2a, 3a). Seed removal of A. theophrasti was greater in com than 
soybean during the 30-Jun. trial in 2003 (P < 0.001), and no differences in A. theophrasti 
seed removal between com and soybean were observed in 2004. Setaria faberi seed removal 
was greater in com than soybean during the 21-May (P < 0.001) and 16-0ct. (P = 0.012) 
trials in 2003 . Conversely, S. faberi seed removal was greater in soybean than com during the 
16-Jul. (P = 0.003), 12-Aug. (P = 0.010), 26-Aug. (P = 0.041) and 16-Sep. (P = 0.008) trials 
in 2003, and during the 29-Apr. (P = 0.028) trial in 2004. 
In contrast to com and soybean, weed seed removal in triticale crops followed a distinct 
bimodal seasonal pattern, with high seed removal in spring, followed by low removal in mid-
summer, and a subsequent lesser peak in autumn (Figs. 2b, 3b). The only differences in seed 
removal between triticale+red clover and triticale+alfalfa were observed during the 16-Sep. 
trial in 2003 (P = 0.028), and the 21-Sep. trial in 2004 (P = 0.050), where S. faberi seed 
removal was greater in triticale+redclover than in triticale+alfalfa. Compared with com, A. 
theophrasti seed removal was greater in triticale crops during the 4-Jun. (P < 0.001), 17-Jun. 
(P < 0.001) and 16-Sep. (P = 0.003) trials in 2003 and during the 13-May (P < 0.001), 3-Jun. 
(P = 0.002) and 29-Jun. (P < 0.001) trials in 2004. Abutilon theophrasti seed removal was 
lower in triticale crops than com during the 29-Jul. (P = 0.037) and 26-Aug. (P < 0.001) trials 
in 2003 and the 27-Jul. (P < 0.001), 10-Aug. (P < 0.001), 24-Aug. (P = 0.002), and 8-Sep. (P 
= 0.010) trials in 2004. Compared with soybean, A. theophrasti seed removal in triticale 
crops was greater during the 4-Jun. (P < 0.001), 17-Jun. (P < 0.001), 30-Jun. (P = 0.004) and 
16-Sep. (P = 0.017) trials in 2003 and the 13-May (P = 0.007), 3-Jun. (P < 0.001) and 29-Jun. 
(P < 0.001) trials in 2004. Abutilon theophrasti seed removal was lower in triticale crops 
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compared with soybean during the 29-Jul. (P = 0.002), and 26-Aug. (P < 0.001) trials in 
2003, and the 27-Jul. (P < 0.001), 10-Aug. (P < 0.001), 24-Aug. (P = 0.004) and 8-Sep. (P < 
0.001) trials in 2004. 
Results for S. faberi were similar to A. theophrasti. Compared with corn, S. faberi seed 
removal was greater in triticale crops during the 4-Jun. (P < 0.001 ), 17-Jun. (P < 0.001 ), 30-
Jun. (P = 0.047) and 16-Sep. (P = 0.043) trials in 2003 and the 29-Apr. (P = 0.017) and19-
0ct. (P < 0.001) trials in 2004. Setariafaberi seed removal was lower in triticale crops than 
corn during the 29-Jul. (P = 0.028) and 26-Aug. (P = 0.037) trials in 2003 and the 27-Jul. (P 
= 0.010) and 24-Aug. (P < 0.001) trials in 2004. Compared with soybean, S. faberi seed 
removal was greater in triticale crops during the 21-May (P =0.020), 4-Jun. (P =0.045), 17-
Jun. (P < 0.001), 30-Jun. (P = 0.010), and 26-Aug. (P < 0.001) trials in 2003, and the 19-0ct. 
(P < 0.001) trial in 2004. Setariafaberi seed removal in triticale crops was lower compared 
with soybean during the 29-Jul. (P = 0.002) and 12-Aug. (P =0.049) trials in 2003 , and the 
27-Jul. (P < 0.001), 10-Aug. (P =0.025) and 24-Aug. (P < 0.001) trials in 2004. 
In alfalfa, the proportion of seeds removed during sampling trials fluctuated, matching 
the periodic harvest cycle of the crop with seed removal generally greatest during the trial 
directly before hay harvest and lowest during the trial directly following harvest (Figs. 2c, 3c, 
Table 1 ). In 2003 seed removal of A. theophrasti in alfalfa was greater than corn during the 
21-May (P < 0.001), 12-Aug. (P < 0.001) and 16-Sep. (P < 0.001) trials, greater than soybean 
during the 21-May (P < 0.001), 4-Jun. (P = 0.044), 30-Jun. (P < 0.001), 12-Aug. (P = 0.041) 
and 16-Sep. trials (P = 0.009), and greater than triticale crops during the 21-May (P < 0.001 ), 
29-Jul., (P = 0.007) and 12-Aug. trials (P = 0.006). Seed removal of A. theophrasti in alfalfa 
in 2003 was lower compared to corn (P = 0.014) and soybean (P = 0.009) during the 26-Aug. 
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trial, and lower compared to triticale during trial the 17-Jun. trial (P < 0.001 ). For S. faberi, 
seed removal in alfalfa was greater compared with com during the 4-Jun. (P < 0.001), 12-
Aug. (P < 0.001), 16-Sep. (P < 0.001) and 30-Sep. (P = 0.029) trials, greater compared with 
soybean during the 21-May (P < 0.001), 4-Jun. (P = 0.003), 30-Jun. (P = 0.049), 30-Sep. (P = 
0.046) and 16-0ct. (P < 0.001) trials, and greater than triticale crops during the 12-Aug. (P 
=0.001 ), 30-Sep. (P = 0.004) and 16-0ct. (P = 0.016) trials. Removal of S. faberi seeds in 
alfalfa was lower compared with com (P = 0.046) and soybean (P < 0.001) during the 26-
Aug. trial and lower than triticale during the 17-Jun. (P < 0.001) trial. 
In 2004, seed removal of A. theophrasti in alfalfa did not differ from either com or 
soybean during any trials, however, A. theophrasti removal was greater in alfalfa compared 
with triticale crops during the 27-Jul. (P < 0.001), 10-Aug. (P = 0.009), 24-Aug. (P = 0.021) 
and 8-Sep. (P = 0.018) trials, and lower in alfalfa compared with triticale crops during the 13-
May (P < 0.001) and 3-Jun. (P = 0.003) trials. For S. faberi, seed removal was greater than 
com during the 29-Apr. (P = 0.011) trial and greater than triticale during the 27-Jul. (P = 
0.044) and 10-Aug. (P = 0.031) trials. Setariafaberi seed removal in alfalfa was lower 
compared with com during the 13-May (P = 0.001) and 21-Sep. (P = 0.009) trials, lower 
compared with soybean during the 13-May (P < 0.001) and 24-Aug. (P = 0.010) trials, and 
lower compared with triticale during the 13-May (P < 0.001) trial. 
Relationship between canopy light interception and seed predation 
Seasonal patterns in canopy light interception in different crops were qualitatively similar 
to seed removal patterns in those crops (Figs. 4-5). Furthermore, across the 2004 cropping 
season, the proportion of seeds removed by predators was significantly positively correlated 
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with measurements of canopy light interception for both weed species (Table 5). The 
correlation was stronger for A. theophrasti (r = 0.54; P < 0.001) than S. faberi (r = 0.25; P < 
0.001). For A. theophrasti, seed removal was positively correlated with canopy light 
interception during six trials in mid-summer (3-Jun., 15-Jun., 29-Jun., 13-Jul., 27-Jul., 24-
Aug.), whereas, for S. faberi, seed removal was positively correlated with canopy light 
interception during two trials in the spring (29-Apr., 13-May) and four trials in the later half 
of the cropping season (27-Jul., 24-Aug., 21-Sep., 5-0ct.). 
Discussion 
Seasonal patterns in post-dispersal weed seed predation differed between weed species 
and among crops. Selective feeding by seed predators is commonly reported and often 
attributed to seed parameters including size, morphology, nutritional quality, abundance and 
distribution, as well as to predator preferences and specialization (Brown et al. 1975, 
Mittelbach and Gross 1984, Brust and House 1988, Hoffmann et al. 1995, Seaman and 
Marino 2003). Because we did not evaluate the relative role of different predators in seed 
consumption of the two study weed species, it is impossible to fully explain the reasons for 
the observed differences in predation. Nevertheless, based on seed characteristics we suggest 
two possible reasons why predation of S. faberi may have been greater than A. theophrasti. 
First, S. faberi seeds are considerably smaller than those of A theophrasti, and thus a greater 
number of S. faberi seeds would likely be required to satiate predators (Getz and Brighty 
1986). Second, A. theophrasti seeds are protected by a thick seed coat that contains several 
secondary metabolites including tannins, which may deter seed predators, resulting in a 
general preference for less well defended S. faberi seeds (Kremer et al. 1984 ). 
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Management differences in corn and soybean crops among the three rotation systems had 
little or no effect on seed predation. Although several studies have reported that tillage 
practices can influence rates of seed predation (Brust and House 1988, Cardina et al. 1996, 
Cromar et al. 1999), we found no evidence of differences in seed predation in corn crops 
managed with moldboard compared to chisel plowing. Furthermore, we found very few 
differences in seed predation rates between soybean crops managed strictly with herbicides 
and those managed with an integrated approach less reliant on herbicides but more dependent 
on mechanical control practices. It is surprising that seasonal seed removal patterns were 
similar in corn and soybean crops, which were both managed very differently in the 2-yr 
compared to 3-yr and 4-yr rotations. Thorbek and Bilde (2004) assessed the impacts of 
various mechanical management practices, including moldboard plowing and weed 
harrowing, on the abundance of several groups of generalist arthropod predators and reported 
few differences in mortality of carabid beetles across various crop management practices. 
Whether or not tillage or mechanical and chemical weed management practices differentially 
influence the activity or feeding behavior of invertebrate or vertebrate seed predators remains 
unclear. 
The results of this study indicate that seasonal patterns in post-dispersal weed seed 
predation are crop-specific. In accordance with previous studies (Davis and Liebman 2003, 
Westerman et al. 2003, Mauchline et al. 2004), we observed that post-dispersal seed losses to 
predators vary throughout the season and that this variation is associated with crop growth 
and development. Westerman et al. (2003), and Mauchline et al. (2004) reported that seed 
predation in cereal fields was high in spring and early summer and low in the late summer 
and autumn as crops senesce and were harvested. Interestingly, in our study system seed 
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predation in triticale also declined from spring to summer, but increased again to moderate 
levels in autumn. This response was likely due to the re-establishment of vegetative cover by 
red clover and alfalfa following triticale harvest, suggesting that relay cropping cereal crops 
with green manure and forage legumes might represent a strategy for enhancing autumn seed 
losses to predators. 
Seed predation rates declined to low levels in all crops in late autumn. Nevertheless, it is 
notable that a significant level of predation was observed during the final mid-November trial 
conducted each year. Because many vertebrate seed predators remain active and continue to 
consume weed seeds throughout the winter (Marino et al. 1997, Cummings and Alexander 
2002, Harrison et al. 2003), future investigations of weed seed predation should assess the 
potential of over-winter seed losses and investigate factors that could influence such losses, 
including crop residue characteristics (Cromar et al. 1999), cover crops (Gallandt et al. 
2005), or seed burial dynamics (Hulme 1994 ). 
Crop-specific seasonal patterns of weed seed predation were related to differences in 
vegetative cover among crops. The positive relationship observed in the present study 
between crop canopy light interception and seed predation corroborates existing evidence 
that vegetative cover is associated with increased seed losses due to predation (Mittelbach 
and Gross 1984, Reader 1991, Povey et al. 1993, Manson and Stiles 1998, Davis and 
Liebman 2003), and further suggests that crop phenology plays an important role in 
determining habitat quality for seed predators in arable farming systems. However, 
correlations between light interception and seed predation were not consistently significant 
when considered across individual trials within the season. This is not overly surprising, as 
vegetative cover is but one measure of the immediate environment experienced by seed 
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predators. Other habitat characteristics including vegetation structure, temperature, humidity, 
soil moisture and soil texture, as well as the presence of other seed predators or carnivores 
may also have influenced the activity of the invertebrate and vertebrate seed predators 
present in our study system (Alexander and Thomas 1959, Theile 1977, Thompson 1982). 
Moreover, the relationship between cover and other environmental factors may not be 
constant (Birney et al. 1976). Therefore, it is probably not vegetative cover itself, so much as 
what vegetation provides for seed predators (i.e. shade, protection from carnivores) that 
ultimately determines the habitat quality of a particular crop at a given point in the season. 
The positive relationship observed between vegetative cover and seed predation 
contributed to complementary seasonal patterns in seed predation among different crops. For 
instance, in spring, rates of predation were high in alfalfa and triticale but low in com and 
soybean. Similarly, while rates of weed seed predation were low in triticale directly 
following crop harvest in mid-summer, rates of predation in com, soybean and alfalfa were 
very high at this time. In autumn, rates of predation tended to be greater in red clover and 
alfalfa compared with com and soybean. These results indicate that seed predators 
preferentially utilize different crop habitats during different times of the season. 
Consequently, farming systems incorporating a range of phenologically dissimilar crop 
species are likely to provide greater opportunities for weed seed losses to predators 
throughout the cropping season. A schematic representation of this concept is presented in 
Figure 6. 
It has been established that predation of crop insect pests is enhanced in diversified 
farming systems characterized by greater vegetation complexity (Root 1973, Altieri and 
Letourneau 1982, Thomas et al. 1991, Bommarco 1998). Few studies, however, have 
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investigated the relationship between agroecosystem complexity and predation of weed 
seeds. Diaz (1992) concluded that a lack of stable habitat for nest building in the intensively 
managed cereal cropping region of central Spain severely limited foraging by seed feeding 
ants that could potentially consume large numbers of weed seeds produced in crop fields 
each year. Similarly, Menalled et al. (2000) reported a trend for reduced weed seed predation 
in simplified agricultural landscapes, compared to complex landscapes which were 
characterized by smaller crop fields and more non-crop areas. The findings of Diaz ( 1992) 
and Menalled (2000) call attention to the importance of stable non-crop habitats in 
supporting seed predators and seed predation within arable crop fields. Our results suggest 
that crop areas themselves can also provide suitable habitats for seed predators, if only for 
limited periods of time. Given the complementarity we observed in seasonal seed removal 
patterns among different crop habitats, it would seem likely that the season-long availability 
of suitable habitats for mobile seed predators would be maximized in farming systems that 
include a range of different crop species, including spring cereals and perennial forages. 
Unfortunately, due to the inherent limitations of 'buffet style' seed predation experiments 
(Forcella 2003) our results can not by themselves be used to reliably estimate the proportion 
of weed seeds lost to predators over the course of a season in different crops or for different 
species. Westerman et al. (2003) suggested that in order to fully understand the process and 
the factors that influence seed predation, it is necessary to consider the dynamics of seed 
availability in addition to seed demand by predators. Our results do, however, indicate that 
the relative demand for weed seeds changes throughout the season in a crop-specific manner, 
and is greater for S. faberi than A. theophrasti. 
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Figure Captions 
Fig. 1. Proportion ambient weed seed loss, per two days during 27 sampling trials conducted 
in 2003 and 2004 (n= 36). Error bars represent the standard error of the mean (SE). 
Fig. 2. Proportion of weed seeds removed by predators, per two days for A. theophrasti (left) 
and S. faberi (right) in com and soybean (A), triticale+clover and triticale+alfalfa (B) and 
alfalfa (C) during 12 sampling trials conducted in 2003 [n = 12 (A); 4 (B); 4(C)]. Error bars 
represent the standard error of the mean (SE). 
Fig. 3. Proportion of weed seeds removed by predators, per two days for A. theophrasti (left) 
and S. faberi (right) in com and soybean (A), triticale+red clover and triticale+alfalfa (B), 
and alfalfa (C) during 15 sampling trials conducted in 2004 [n = 12 (A); 4 (B); 4(C)]. Error 
bars represent the standard error of the mean (SE). 
Fig. 4. Season average proportion of weed seeds removed by predators, per two days for A. 
theophrasti (top) and S.faberi (bottom) in different crops in 2003 and 2004 [n = 12 (com and 
soybean); 8 (triticale+redclover and triticale+alfalfa); 4 (alfalfa)]. Error bars represent the 
standard error of the mean (SE). Within years, means with the same letter are not 
significantly different at P < 0.05 . 
Fig. 5. Proportion of incoming light intercepted by crop canopy in com and soybean (A), 
triticale+redclover and triticale+alfalfa (B ), and alfalfa (C) during 12 sampling trials 
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conducted in conjunction with estimates of weed seed predation in 2004 [n = 12 (A); 4 (B); 
4(C)]. Error bars represent the standard error of the mean (SE). 
Fig. 6. Schematic representation of complementary seasonal patterns in seed predation 
among phenologically dissimilar crops. 
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Table 1. Crop management practices in the three rotation systems located in Boone County, Iowa. 
Seeding date Harvest date( s) 
Rotation Crop Cultivar Seeding rate Row spacing 2003 2004 2003 2004 
2-yr Corn Golden Harvest 8562 79,000 sds ha-1 76 cm 23-Apr. 29-Apr. 2-0ct. 15-0ct. 
Soybean Asgro 2869 140,000 sds ha·1 76 cm 29-May 17-May 7-0ct. 6-0ct. 
3-yr Corn Golden Harvest 8562 79,000 sds ha·1 76 cm 23-Apr. 29-Apr. 2-0ct. 15-0ct. 
Soybean Asgro 2869 140,000 sds ha-1 76 cm 29-May 17-May 7-0ct. 6-0ct. 
Triticale (red Trimark 37812 529,000 sds ha-1 20 cm 26-Mar. 6-Apr. 23-Jul. 23-Jul. 
clover) (Cherokee) (2,765,000 sds ha-1) (Aug. 15) (1 1-Aug., 13-Sep.) 
4-yr Corn Golden Harvest 8562 79,000 sds ha·1 76 cm 23-Apr. 29-Apr. 2-0ct. 15-0ct. 
Soybean Asgro 2869 140,000 sds ha-1 76 cm 29-May 17-May 7-0ct. 6-0ct. 
Triticale Trimark 37812 529,000 sds ha-1 20cm 26-Mar. 5-Apr. 23-Jul. 23-Jul. (alfalfa) (Dekalb DKA37) (2,765,000 sds ha-1) (Aug. 15) (1 1-Aug., 13-Sep.) 
Alfalfa Dekalb DKA37 . . . . 9-Jun., 11-Jul., 1-Jun. , 30-Jun., 18-Aug. 11-Aug., 13-Sep. 
* Alfalfa seeded during previous season. 
-...l 
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Table 2. Tillage practices and fertilizer inputs for crops in three rotation systems located in Boone County, Iowa. 
Rotation Crop 
2-yr Corn 
3-yr 
4-yr 
Soybean 
Corn 
Soybean 
Triticale ( red clover) 
Corn 
Soybean 
Triticale (alfalfa) 
Alfalfa 
*Fertilizer nitrogen applied as urea 
**Composted dairy manure 
Primary tillage 
Surface cultivation 
Chisel plow, surface cultivation 
2003 Fertilization 
150 kg N* ha·1 
None 
2004 Fertilization 
110 kg N* ha·1 
None 
Moldboard plow, surface cultivation 95 kg N* ha·1, 12.5 Mg manure** ha·1 105 kg N* ha·1, 11 Mg manure** ha·1 
Moldboard plow, surface cultivation 
None 
Moldboard plow, surface cultivation 
Chisel plow, surface cultivation 
None 
None 
None 
30 kg N* ha·1 
55 kg N* ha·1, 12.5 Mg manure** ha·1 
None 
30 kg N* ha·1 
None 
None 
30 kg N* ha·1 
70 kg N* ha·1, 11 Mg manure** ha·1 
None 
30 kg N* ha·1 
None 
-..} 
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Table 3. Herbicide applications and mechanical practices used for weed management in the three rotation systems located in 
Boone County, Iowa. 
Rotation Crop 
2-yr Corn 
3-yr 
4-yr 
Soybean 
Corn 
Soybean 
Triticale (red clover) 
Corn 
Soybean 
Triticale (alfalfa) 
Alfalfa 
Herbicide applications 
PPI : S-metolachlor + isoxaflutole, POST: nicosulfuron + rimsulfuron + mesotrione 
PPI : S-metolachlor, POST: bentazon + flumichlorac + clethodim 
BAND: nicosulfuron + rimsulfuron + mesotrione 
PPI: S-metolachlor, BAND: flumichlorac (2003) or bentazon (2004) 
None 
BAND: nicosulfuron + rimsulfuron + mesotrione 
PPI: S-metolachlor, BAND: flumichlorac (2003) or bentazon (2004) 
None 
None 
Mechanical practices 
Rotary hoe (2003) 
None 
Rotary hoe, interrow cultivation 
Rotary hoe, interrow cultivation 
Mowing 
Rotary hoe, interrow cultivation 
Rotary hoe, interrow cultivation 
Mowing 
Mowing 
BAND= post-emergence, banded application (38 cm wide bands, centered on crop rows, resulting in application of half recomended chemical rate) 
PPI = pre-planting, broadcast application, incorporated 
POST = post-emergence, broadcast application 
-....) 
~ 
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Table 4. Results of statistical tests of the effects of weed species, cropping treatments 
and the interaction between weed species and cropping treatments on weed seed 
removal by predators during 12, two-day trials conducted in 2003 (A) and 15 two-
day trials conducted in 2004 (B). NS indicates non-significant effect. 
(a) 
-------------------------P-val u e---------------------
Trial Date Species Cropping treatment Species x Cropping treatment 
21-May < 0.001 < 0.001 0.003 
2 4-Jun < 0.001 < 0.001 NS 
3 17-Jun 0.023 < 0.001 NS 
4 30-Jun NS < 0.001 NS 
5 16-Jul NS NS NS 
6 29-Jul 0.050 < 0.001 NS 
7 12-Aug NS < 0.001 NS 
8 26-Aug 0.007 < 0.001 NS 
9 16-Sep 0.001 < 0.001 NS 
10 30-Sep < 0.001 NS NS 
11 16-0ct < 0.001 < 0.001 NS 
12 19-Nov 0.049 NS NS 
(b) 
-------------------------P-value---------------------
Trial Date Species Cropping treatment Species x Cropping treatment 
15-Apr < 0.001 NS NS 
2 29-Apr < 0.001 0.013 NS 
3 13-May < 0.001 < 0.001 NS 
4 3-Jun < 0.001 < 0.001 NS 
5 15-Jun NS NS NS 
6 29-Jun < 0.001 < 0.001 0.003 
7 13-Jul < 0.001 0.045 NS 
8 27-Jul < 0.001 < 0.001 NS 
9 10-Aug NS < 0.001 NS 
10 24-Aug NS < 0.001 NS 
11 8-Sep 0.011 < 0.001 NS 
12 21-Sep < 0.001 < 0.001 0.035 
13 5-0ct 0.003 NS 0.030 
14 19-0ct 0.001 < 0.001 0.032 
15 16-Nov 0.002 NS NS 
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Table 5. Correlations between the proportion of seeds 
removed by predators and the proportion of light 
intercepted by the crop canopy during each of twelve 
trials conducted in 2004 (n= 36) and across all trials 
(n = 432). NS indicates non-significant correlation. 
Asterisks indicate a significant correlation 
(* p < 0.05, ** p < 0.01 , *** p < 0.001). 
Trial Date A. theophrasti S. faberi 
1 15-Apr NS NS 
2 29-Apr NS 0.37* 
3 13-May NS 0.35* 
4 3-Jun 0.75*** NS 
5 15-Jun 0.36* NS 
6 29-Jun 0.28* NS 
7 13-Jul 0.37* NS 
8 27-Jul 0.63*** 0.43** 
9 24-Aug 0.48** 0.59*** 
10 21-Sep NS 0.54*** 
11 5-0ct NS 0.65*** 
12 19-0ct NS NS 
Season 0.54*** 0.25*** 
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CHAPTER 4. SUMMARY AND CONCLUSIONS 
My thesis research focused on determining how different crops and crop management 
systems influenced weed population processes. From a basic understanding of the influence 
that crops and management systems have on weed demography, it was my goal to address the 
means by which rotation of crops can act to restrict weed populations and contribute to a 
reduction in herbicide requirements. 
Chapter 2 reported the results of a two-year field study investigating seedling 
recruitment, seedling survival and fecundity of Abutilon theophrasti (velvetleaf) and Setaria 
faberi (giant foxtail) populations in three crop rotation systems characterized by contrasting 
levels of crop diversity and herbicide inputs. This study demonstrated that diversified crop 
rotations receiving reduced herbicide inputs can result in acceptable weed management 
outcomes, similar to those achieved in less diverse rotations managed with conventional 
herbicide inputs. Population increases by A. theophrasti were prevented in all three rotation 
systems in both study years. Population increases by S. faberi were prevented in the 2-yr 
rotation in both study years and in the 4-yr rotation in 2004. The results presented in Chapter 
2 highlight several important features regarding the influence that crop rotation can have on 
weed populations. 
First, rotations including crops with lifecycles most dissimilar to weeds are likely to 
provide the greatest opportunities for restricting weed population growth. In my study 
system, triticale and alfalfa crops received no herbicides or cultivation, but were able to limit 
weed population increases through reductions in weed seedling survival and fecundity that 
were related to crop growth and management factors. In the case of A. theophrasti, 
reductions in weed populations occurring in triticale and alfalfa were great enough even to 
counter large population increases which occurred in soybean crops in the 3-yr and 4-yr 
rotations in 2003. 
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Secondly, highly plastic weed species like S. faberi that are able to survive and produce 
some seeds, even in unfavorable crop environments are likely to be somewhat less 
susceptible to management through rotation. Taken together, the results presented in Chapter 
2 provide a demographic explanation for existing evidence that rotations comprised of 
diverse assemblages of crops and attendant management practices can contribute to the 
regulation of weed populations with less reliance on herbicides. 
Chapter 3 reported the results of a study designed to assess weed mortality resulting from 
seed predators in crops in the same three experimental rotation systems in which weed 
demographic studies were conducted. The primary objective of the seed predation study was 
to evaluate differences in rates of seed removal among crops that may arise from differences 
in seed predator habitat quality. The results presented in Chapter 3 indicated that season 
average rates of seed removal by predators differed little among crops. However, large 
differences were observed among crops in terms of the seasonal pattern of seed removal. 
Positive correlations between canopy light interception and rates of seed removal suggested 
that crop-specific seasonal patterns in seed predation are related to vegetative cover. Because 
rotations including phenologically dissimilar crops provide greater season-long ground cover, 
it was hypothesized that the potential for seed mortality due to predation should also be 
greater in landscapes characterized by diversified cropping systems. The results presented in 
Chapter 3 also indicated that removal of S. faberi seeds was consistently greater than A. 
theophrasti. This difference suggests that the greater reproductive potential of S. faberi 
observed in the two diversified crop rotations may be offset by greater predation intensity 
relative to A. theophrasti. 
Directions for future research 
Based on the results of the two studies on cropping system effects on weed population 
processes presented in this thesis, I suggest below four areas for future research. 
1) Manipulation of weed seedling recruitment in small grain and forage crops. 
85 
The analysis of weed demography presented in Chapter 2 indicated that A. theophrasti 
population increase would be prevented in the 3-yr and 4-yr rotations over the two-year study 
period due largely to low rates of seedling survival and fecundity in triticale+legume crops 
and alfalfa. Therefore, it stands to reason that further increases in rates of A. theophrasti 
seedling recruitment in triticale+legume and alfalfa crops could potentially contribute to even 
greater reductions in weed population density and in the 3-yr and 4-yr rotation systems, given 
that the probability of weed survival is greater as a seed in the soil than as a recruited 
seedling. Cultivation or other mechanical practices that result in light soil disturbance, at the 
time of crop seeding could potentially increase rates of A. theophrasti seedling recruitment in 
triticale+legume crops. Early season alfalfa harvest may serve to increase rates of A. 
theophrasti recruitment in this crop. 
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2) Limiting weed seed production by highly plastic summer annual weeds in small grain and 
forage crops. 
Compared to A. theophrasti, S. faberi population growth was less restricted in triticale+ 
legume crops and alfalfa, due largely to high rates of seedling survival in these crops. 
Furthermore, S. faberi fecundity was not reduced enough in triticale+legume crops or alfalfa 
to prevent population increase in the 3-yr and 4-yr rotations, given high rates of seedling 
survival. Management strategies that are able to further limit seedling survival and fecundity 
of highly plastic weeds, including Setariafaberi should help to prevent population growth by 
these species in diversified cropping systems. Management practices that may affect weed 
seedling survival and fecundity in small grain and forage crops include, (1) time of small 
grain crop harvest, (2) forage harvest frequency and intensity, and (3) time of autumn forage 
harvest relative to weed seed maturity and dispersal. 
3) Season-long losses of weed seeds due to predators in different crops and management 
systems. 
Quantification of season-long losses of weed seeds to predators in different crop and 
management systems will provide valuable information for the further development of weed 
suppressive cropping systems. To date, most studies of weed seed predation, including the 
study presented in Chapter 3 of this thesis have focused on measuring rates of removal of 
weed seeds from feeding stations over periods of days or weeks. In effect, these studies have 
measured the demand for weed seeds by predators at particular points in time, not annual 
rates of seed destruction by predators. Estimates of season-long rates of seed predation could 
be obtained in one of several ways. The simplest method would involve the addition of seeds 
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to crop fields at known densities and determining their fates in plots with and without 
predator exclosures. An alternative approach would be to integrate currently available 
estimates of weed seed demand with estimates of seed dispersal and availability to predators. 
The advantage of the later approach is that it provides greater information regarding the 
relative importance of different processes (i.e. patterns of seed dispersal, seed entrance into 
the soil, and seed demand by predators) in determining the magnitude of seed losses due to 
predation. 
4) Landscape level studies of seed predation focusing on complete farming systems. 
Based on the results presented in Chapter 3, it was hypothesized that the potential for 
weed seed destruction by predators throughout the cropping season should be greater in 
diversified cropping systems, due to greater availability of vegetative cover, which was found 
to be positively associated with seed removal by predators. In order to appropriately test this 
hypothesis, it will be necessary to conduct seed predation studies at larger scales than those 
presented in Chapter 3, preferably at the level of whole farms. Large-scale studies of 
cropping system effects on rates of seed predation are especially important due to seed 
predator mobility and because of potential edge effects created by a large number of different 
crops in plots occupying a relatively small area. 
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